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Phytophthora	  foliage	  blight	  of	  garden	  phlox	  (Phlox	  paniculata)	  –	  caused	  by	  
Phytophthora	  nicotianae	  –	  is	  a	  devastating	  disease	  that	  has	  been	  seen	  consistently	  in	  
nursery	  production	  facilities	  in	  South	  Carolina.	  	  However,	  this	  disease	  has	  not	  been	  
characterized	  previously.	  	  This	  project	  was	  composed	  of	  three	  separate	  studies,	  each	  of	  
which	  followed	  one	  of	  the	  three	  major	  components	  of	  the	  disease	  triangle	  (i.e.,	  the	  
synchronous	  occurrence	  of	  a	  susceptible	  host	  and	  a	  virulent	  pathogen	  within	  a	  
conducive	  environment)	  to	  investigate	  the	  pathogenicity	  of	  P.	  nicotianae	  on	  P.	  
paniculata.	  	  In	  one	  study,	  the	  efficacies	  of	  three	  inoculation	  methodologies	  to	  cause	  
Phytophthora	  foliage	  blight	  and	  reproduce	  symptoms	  similar	  to	  those	  seen	  in	  the	  
nursery	  on	  P.	  paniculata	  plants	  were	  evaluated.	  	  It	  was	  concluded	  that	  propagules	  of	  P.	  
nicotianae	  must	  be	  present	  on	  foliage	  of	  garden	  phlox	  plants	  in	  warm,	  humid	  conditions	  
for	  longer	  than	  24	  h	  for	  disease	  to	  occur	  consistently.	  	  In	  another	  study,	  variation	  in	  
susceptibility	  among	  cultivars	  of	  P.	  paniculata	  was	  evaluated	  with	  two	  methodologies:	  	  a	  
detached-­‐leaf	  assay	  and	  a	  whole-­‐plant	  assay.	  	  Both	  methods	  were	  effective	  in	  
determining	  differences	  in	  susceptibility	  of	  cultivars	  of	  garden	  phlox	  to	  infection	  by	  P.	  
nicotianae.	  	  It	  was	  also	  shown	  that	  wounding	  resulted	  in	  significantly	  greater	  
susceptibility	  to	  infection.	  	  The	  final	  study	  in	  this	  project	  confirmed	  that	  isolates	  of	  P.	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Phytophthora	  nicotianae	  consistently	  appears	  in	  greenhouses	  and	  nurseries	  
throughout	  South	  Carolina.	  	  However,	  only	  a	  few	  samples	  of	  garden	  phlox	  (Phlox	  
paniculata)	  infected	  by	  this	  pathogen	  have	  been	  submitted	  to	  the	  Plant	  Problem	  Clinic	  
at	  Clemson	  University	  over	  the	  past	  15	  years,	  and	  the	  disease	  is	  not	  recognized	  in	  the	  
literature	  (Gleason	  et	  al.	  2009).	  	  To	  properly	  begin	  any	  investigation	  into	  the	  nature	  of	  a	  
plant	  pathogenic	  relationship,	  one	  must	  necessarily	  begin	  with	  the	  disease	  triangle—the	  
synchronous	  occurrence	  of	  a	  susceptible	  host	  and	  a	  virulent	  pathogen	  within	  a	  
conducive	  environment.	  	  As	  a	  result,	  studies	  into	  the	  nature	  of	  the	  relationship	  between	  
Phytophthora	  nicotianae	  and	  Phlox	  paniculata	  may	  generate	  information	  essential	  to	  
the	  productivity,	  efficiency,	  and	  overall	  health	  of	  plants	  in	  nurseries	  and	  greenhouses	  
throughout	  South	  Carolina.	  	  
	  
THE	  ORNAMENTAL	  PLANT	  INDUSTRY	  
 
A	  brief	  history.	  	  Production	  of	  ornamental	  crops	  developed	  from	  the	  shadows	  of	  
the	  much	  larger	  agricultural	  crop	  industry	  as	  people	  began	  taking	  more	  of	  an	  interest	  in	  
the	  aesthetic	  qualities	  of	  plants.	  	  This	  ornamental	  crop	  industry	  in	  the	  United	  States	  
continued	  to	  grow	  through	  small,	  localized	  efforts	  until	  the	  middle	  of	  the	  eighteenth	  
century,	  when	  companies	  and	  other	  organizations	  began	  to	  form	  and	  develop	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specialized	  niches	  in	  seed,	  bulb,	  and	  nursery	  stock	  production	  (Ball	  1976,	  Hedrick	  1950).	  	  
As	  supply	  and	  demand	  for	  floriculture	  crops	  continued	  to	  rise,	  the	  ornamental	  crop	  
industry	  emerged	  onto	  the	  international	  stage.	  	  It	  is	  estimated	  that	  more	  than	  20,000	  
species	  of	  ornamental	  plants	  are	  in	  cultivation	  in	  the	  United	  States	  and	  Canada	  alone	  
(Bailey	  &	  Bailey	  1976,	  Baker	  &	  Linderman	  1979,	  Daughtrey	  &	  Benson	  2005).	  	  
Furthermore,	  estimates	  indicate	  that	  at	  least	  1,100	  genera	  of	  plants	  are	  grown	  as	  
ornamental	  plants	  (Baker	  &	  Linderman	  1979).	  
Nature	  of	  the	  industry.	  	  This	  overwhelming	  diversity	  of	  ornamental	  plants	  can	  be	  
classified	  into	  two	  large	  divisions:	  	  floriculture	  crops	  (which	  include	  all	  herbaceous	  
annual	  and	  perennial	  plants)	  or	  nursery	  crops	  (which	  include	  all	  woody	  plants)	  (Jerardo	  
2007).	  	  Each	  crop	  is	  grown	  and	  maintained	  within	  a	  greenhouse	  or	  nursery	  for	  an	  
extended	  period	  of	  time,	  and	  many	  crops	  (e.g.,	  herbaceous	  perennial	  plants,	  woody	  
shrubs,	  and	  trees)	  are	  received	  as	  cuttings,	  seedlings,	  or	  seeds	  and	  must	  be	  carefully	  
tended	  until	  maturation.	  	  Moreover,	  many	  of	  these	  crops	  are	  long-­‐lived	  or	  require	  an	  
extended	  production	  period,	  so	  their	  value	  is	  increased.	  	  
Such	  long-­‐term	  care	  and	  maintenance	  of	  large	  quantities	  and	  diversities	  of	  plants	  
represents	  a	  significant	  investment	  for	  producers,	  one	  that	  generates	  substantial	  annual	  
revenue	  within	  the	  floriculture	  industry.	  	  Wholesale	  value	  of	  floriculture	  crops	  in	  the	  
United	  States	  in	  1977	  was	  estimated	  to	  be	  approximately	  36%	  or	  the	  total	  industry,	  or	  
$576	  million	  (Fossum	  1973,	  Fossum	  1977).	  	  In	  2006,	  the	  value	  of	  wholesale	  floriculture	  
crops	  in	  the	  United	  States	  had	  grown	  to	  $5.08	  billion,	  with	  herbaceous	  perennial	  plants	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accounting	  for	  approximately	  $507	  million	  of	  total	  plant	  sales	  (USDA	  NASS	  Agricultural	  
Statistics	  Board	  2007).	  	  In	  2012,	  the	  value	  of	  herbaceous	  perennial	  crops	  within	  the	  
wholesale	  floriculture	  industry	  rose	  to	  $594	  million	  (USDA	  NASS	  Agricultural	  Statistics	  
Board	  2013).	  	  The	  floriculture	  industry	  of	  South	  Carolina	  saw	  $280	  million	  in	  total	  sales	  
and	  $67	  million	  in	  sales	  of	  herbaceous	  perennial	  plants	  in	  2007	  (Jerardo	  2007).	  	  
Additionally,	  ornamental	  crops	  (which	  include	  turf,	  floriculture	  and	  nursery	  plants	  and	  
trees)	  were	  the	  third	  highest-­‐grossing	  agricultural	  commodity	  in	  South	  Carolina	  in	  2011	  
–	  behind	  broilers	  and	  turkeys	  –	  and	  the	  highest	  of	  all	  plant	  commodities	  in	  the	  state	  –	  
more	  than	  cotton,	  corn,	  soybeans,	  wheat,	  and	  peaches	  (USDA	  NASS	  SC	  Field	  Office	  
2012).	  	  Thus,	  the	  floriculture	  industry	  is	  a	  very	  important	  component	  of	  agriculture	  in	  
South	  Carolina.	  
The	  demand	  for	  herbaceous	  perennial	  plants	  continues	  to	  grow;	  therefore,	  
larger	  volumes	  need	  to	  be	  produced	  in	  greenhouses	  and	  nurseries	  and	  then	  transported	  
to	  local	  markets.	  	  However,	  with	  the	  increase	  in	  greenhouse	  and	  nursery	  production	  
comes	  an	  increase	  in	  disease	  potential.	  	  Tailoring	  resources	  to	  best	  suit	  each	  crop	  is	  a	  
complicated	  and	  formidable	  task,	  and	  one	  that	  requires	  a	  particularly	  proactive	  
assessment	  of	  plant	  health.	  Wholesale	  production	  greenhouses	  and	  nurseries	  typically	  
employ	  several	  methods	  for	  promoting	  the	  health	  of	  their	  crops	  while	  minimizing	  
disease—including	  sanitation,	  host	  resistance,	  environmental	  manipulation,	  and	  
chemical	  control	  (Daughtrey	  &	  Benson	  2005).	  	  In	  South	  Carolina,	  the	  high	  temperatures	  
and	  relative	  humidity	  during	  the	  growing	  season	  often	  contribute	  to	  the	  difficulty	  in	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managing	  crop	  health	  by	  providing	  environments	  that	  are	  extremely	  conducive	  to	  
disease	  development.	  
	  
THE	  SUSCEPTIBLE	  HOST:	  	  PHLOX	  PANICULATA	  
	  
	   Horticultural	  importance.	  	  Phlox	  paniculata	  —	  commonly	  known	  as	  garden	  
phlox,	  summer	  phlox,	  or	  border	  phlox	  —	  has	  long	  been	  a	  standard	  addition	  to	  many	  
home	  and	  ornamental	  plant	  gardens.	  	  It	  is	  native	  to	  North	  America	  (Armitage	  2008),	  and	  
it	  is	  supposed	  that	  this	  beautiful	  flowering	  perennial	  originated	  along	  the	  Ohio	  River	  in	  
Indiana	  although	  its	  distribution	  is	  now	  widespread	  (Symons-­‐Jeune	  1953,	  USDA	  NRCS	  
National	  Plant	  Data	  Team).	  	  The	  earliest	  records	  indicate	  that	  P.	  paniculata	  was	  found	  in	  
Virginia	  and	  sent	  to	  a	  collector’s	  garden	  in	  England	  in	  1700	  although	  other	  accounts	  
document	  the	  exchange	  in	  1743	  (Wherry	  1955)	  or	  1760	  (Symons-­‐Jeune	  1953).	  	  Thomas	  
(1982)	  dates	  the	  species	  to	  1730;	  however,	  the	  first	  ornamental	  cultivar	  was	  not	  
introduced	  into	  gardens	  until	  1824	  (Symons-­‐Jeune	  1953).	  	  Undoubtedly	  realizing	  the	  
ornamental	  value	  of	  this	  attractive	  garden	  addition,	  the	  development	  of	  new	  cultivars	  of	  
P.	  paniculata	  for	  the	  commercial	  market	  was	  begun	  in	  France	  in	  1839	  (Symons-­‐Jeune	  
1953).	  	  Today,	  hundreds	  of	  cultivars	  and	  selections	  have	  been	  developed	  that	  have	  
various	  flower	  colors	  and	  growth	  habits	  (Rice	  2006).	  	  This	  diversity	  in	  garden	  phlox	  
cultivars,	  combined	  with	  its	  tolerance	  for	  a	  very	  wide	  range	  of	  climates,	  makes	  this	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species	  a	  high-­‐demand	  crop	  for	  homeowners	  and	  gardeners	  as	  well	  as	  a	  very	  lucrative	  
crop	  for	  growers.	  
	   Botanical	  description.	  	  Garden	  phlox	  is	  an	  upright,	  herbaceous	  perennial	  plant	  
characterized	  by	  its	  large	  panicles	  (i.e.,	  pyramidal	  domes)	  of	  fragrant	  flowers	  (Rice	  
2006).	  	  Each	  flower	  within	  the	  cluster	  of	  blooms	  has	  a	  flat	  face	  composed	  of	  five	  petals	  
and	  is	  approximately	  3	  cm	  in	  diameter.	  	  A	  slender,	  pubescent	  corolla	  supports	  each	  face	  
and	  is	  approximately	  3	  cm	  in	  length.	  	  Blooms	  of	  naturally-­‐occuring	  varieties	  of	  P.	  
paniculata	  typically	  are	  magenta,	  pink,	  or	  white	  in	  color,	  but	  breeding	  efforts	  and	  
hybridization	  have	  produced	  garden	  phlox	  cultivars	  with	  violet,	  purple,	  rose,	  cerise,	  
salmon,	  orange,	  and	  bi-­‐colored	  flowers	  for	  the	  modern	  commercial	  market	  (Rice	  2006).	  	  
P.	  paniculata	  also	  has	  a	  relatively	  long	  flowering	  period	  of	  5	  weeks	  in	  mid-­‐	  to	  late	  
summer,	  and	  some	  cultivars	  are	  capable	  of	  blooming	  twice	  within	  a	  growing	  season	  
(Rice	  2006).	  	  A	  tight	  crown	  and	  tough,	  woody	  stems	  support	  simple,	  oppositely	  
arranged,	  dark	  or	  dull-­‐green	  leaves;	  however,	  several	  variegated	  cultivars	  now	  have	  
been	  introduced	  (Rice	  2006).	  	  Craigmyle	  (2002)	  has	  termed	  P.	  paniculata	  as	  a	  “waterside	  
species,”	  due	  to	  the	  plant’s	  preference	  for	  rich,	  evenly	  moist	  soils	  (Rice	  2006).	  	  This	  plant	  
performs	  best	  in	  full	  sun	  to	  part-­‐shade	  in	  regions	  with	  cool	  summer	  nights	  (Rice	  2006).	  
	   Taxonomy.	  	  Garden	  phlox	  is	  a	  member	  of	  the	  family	  Polemoniaceae,	  and	  its	  
Linnaean	  epithet	  Phlox	  paniculata	  is	  derived	  from	  the	  Greek	  word	  phlox,	  meaning	  
“flame,”	  and	  the	  Latin	  word	  panicula,	  meaning	  “tuft”	  (Symons-­‐Jeune	  1953,	  Integrated	  
Taxonomic	  Information	  System	  n.d.).	  There	  are	  over	  60	  unique	  species	  within	  the	  Phlox	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genus,	  and	  all	  but	  one	  are	  native	  to	  North	  America	  (Craigmyle	  2002).	  	  According	  to	  
Symons-­‐Jeune	  (1953),	  species	  of	  Phlox	  can	  be	  classified	  under	  the	  following	  headings:	  	  
Subulatae,	  narrow-­‐leafed	  phlox;	  Divaricatae,	  short-­‐styled	  phlox;	  Ovatae,	  long-­‐styled	  
phlox;	  Paniculatae,	  veiny-­‐leafed	  phlox;	  and	  Drummondianae,	  annual	  phlox.	  	  Phlox	  
species	  within	  the	  Paniculatae	  classification	  (in	  which	  P.	  paniculata	  resides)	  are	  
differentiated	  by	  their	  leaves	  and	  anthers;	  their	  leaves	  have	  distinctly	  visible	  lateral	  
veins	  and	  margins,	  and	  their	  anthers	  are	  white	  in	  color	  as	  opposed	  to	  the	  yellow	  anthers	  
of	  other	  species	  of	  Phlox	  (Symons-­‐Jeune	  1953).	  
	   Distribution.	  	  P.	  paniculata	  is	  native	  to	  the	  deciduous	  forests,	  clearings,	  and	  
floodplains	  of	  the	  Eastern	  United	  States,	  with	  a	  geographic	  range	  that	  spans	  from	  Maine	  
to	  Louisiana	  and	  inland	  to	  Nebraska,	  Kansas,	  and	  Oklahoma,	  with	  isolated	  distribution	  in	  
Utah	  and	  Washington	  (Rice	  2006,	  Symons-­‐Jeune	  1953,	  USDA	  NRCS	  National	  Plant	  Data	  
Team	  n.d.).	  	  Garden	  phlox	  also	  is	  naturalized	  in	  parts	  of	  Eastern	  Canada	  (USDA	  NRCS	  
National	  Plant	  Data	  Team).	  	  The	  natural	  range	  of	  P.	  paniculata	  is	  achieved,	  in	  part,	  by	  its	  
hardiness	  in	  horticultural	  zones	  4-­‐8,	  which	  covers	  the	  majority	  of	  the	  land	  area	  of	  the	  
contiguous	  United	  States	  (Rice	  2006,	  USDA	  Agricultural	  Research	  Service	  2012).	  	  	  
While	  the	  advent	  of	  modern	  greenhouse	  technology	  has	  allowed	  the	  production	  
of	  P.	  paniculata	  to	  flourish	  in	  more	  northern	  climates,	  large-­‐scale	  nursery	  production	  is	  
favored	  in	  regions	  with	  earlier,	  warmer	  spring	  weather,	  i.e.,	  in	  the	  southern	  and	  eastern	  
regions	  of	  the	  United	  States.	  	  South	  Carolina	  —	  which	  sits	  at	  the	  lower	  geographical	  limit	  
of	  the	  natural	  range	  of	  this	  plant	  species	  —	  has	  several	  large	  nurseries	  that	  produce	  this	  
	  8	  
crop.	  	  It	  is	  interesting	  that	  despite	  its	  production	  and	  marketing	  within	  South	  Carolina	  
and	  the	  surrounding	  region,	  Batson	  (1984)	  does	  not	  list	  P.	  paniculata	  in	  his	  text	  
Landscape	  Plants	  for	  the	  Southeast,	  presumably	  because	  it	  is	  too	  warm	  and	  humid	  for	  P.	  
paniculata	  to	  flourish	  in	  southern	  landscapes.	  	  However,	  the	  species	  is	  listed	  as	  native	  to	  
the	  southeastern	  United	  States	  by	  Still	  (1988).	  	  Though	  this	  discrepancy	  may	  seem	  
insignificant,	  it	  does	  raise	  questions	  regarding	  the	  climate	  in	  the	  southeastern	  United	  
States	  and	  its	  suitability	  for	  the	  growth	  and	  success	  of	  P.	  paniculata	  within	  production	  
facilities	  and	  in	  the	  landscape.	  
Pest	  and	  disease	  problems.	  	  As	  with	  any	  nursery,	  greenhouse,	  and	  landscape	  
plant,	  there	  are	  many	  diseases	  and	  insect	  pests	  that	  affect	  Phlox	  paniculata.	  	  The	  most	  
notable	  diseases	  and	  pests	  on	  record	  are	  powdery	  mildew,	  mites,	  nematodes,	  and	  deer	  
(Armitage	  2008,	  Craigmyle	  2002,	  Rice	  2006,	  Still	  1988,	  Symons-­‐Jeune	  1953,	  Thomas	  
1982,	  Wilson	  1953).	  	  Thielaviopsis	  basicola,	  the	  causal	  agent	  of	  black	  root	  rot,	  can	  
become	  a	  serious	  health	  threat	  to	  garden	  phlox	  within	  greenhouse	  and	  nursery	  
production,	  but	  is	  less	  common	  on	  P.	  paniculata	  in	  the	  landscape	  (Gleason	  et	  al.	  2008,	  
R.	  Coronado	  personal	  communication,	  T.	  Watson	  personal	  communication,	  Walker	  2008,	  
Williamson	  2012).	  	  Other	  diseases	  and	  pests	  of	  this	  species	  include	  thrips,	  slugs	  and	  
snails,	  millipedes,	  Septoria	  and	  Pseudomonas	  leaf	  spots,	  and	  rusts	  (Gill	  et	  al.	  2006,	  Still	  
1980,	  Strider	  1985,	  Symons-­‐Jeune	  1953).	  	  	  
Several	  authors	  have	  commented	  on	  the	  diseases	  and	  pests	  of	  P.	  paniculata	  and	  
their	  aesthetic	  affects	  within	  the	  home	  garden.	  	  Still	  (1980)	  writes,	  “If	  a	  gardener	  is	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prepared	  to	  spray	  every	  2	  weeks	  against	  diseases	  and	  insect	  pests,	  the	  summer	  phlox	  is	  
unequaled	  for	  its	  showy	  bloom	  over	  a	  long	  season.	  	  However,	  if	  spraying	  is	  not	  done,	  
there	  are	  few	  plants	  with	  as	  ragged	  an	  appearance	  as	  summer	  phlox.”	  	  Armitage	  (2008)	  
considers	  the	  influence	  of	  climate	  on	  the	  health	  of	  garden	  phlox,	  stating	  that	  some	  
cultivars	  of	  P.	  paniculata	  perform	  better	  in	  northern	  regions	  due	  to	  their	  sensitivity	  and	  
intolerance	  of	  heat.	  	  He	  goes	  on	  to	  say	  that	  hot	  summer	  conditions	  promote	  the	  growth	  
and	  infection	  of	  root	  rot	  organisms	  on	  P.	  paniculata	  (Armitage	  2008).	  	  However,	  despite	  
the	  many	  issues	  that	  can	  compromise	  this	  attractive	  perennial	  species,	  growers	  and	  
home	  gardeners	  alike	  would	  undoubtedly	  agree	  that	  “the	  ills	  the	  phlox	  is	  heir	  to	  are	  
kept	  at	  a	  minimum	  under	  proper	  growing	  conditions”	  (Wilson	  1953).	  	  	  
	  
THE	  VIRULENT	  PATHOGEN:	  	  PHYTOPHTHORA	  NICOTIANAE	  
 
Importance	  in	  industry.	  	  Phytophthora	  nicotianae	  is	  a	  pervasive	  pathogen	  that	  
can	  devastate	  many	  crops	  in	  nursery	  and	  greenhouse	  production	  systems	  as	  well	  as	  
landscapes	  in	  warmer	  climates.	  	  P.	  nicotianae	  has	  a	  large	  host	  range,	  including	  
numerous	  herbaceous	  ornamental	  crops	  (Eisenmann	  2003,	  Erwin	  &	  Ribeiro	  1996,	  
Hwang	  &	  Benson	  2005).	  	  Not	  only	  can	  this	  pathogen	  infect	  many	  plant	  hosts,	  P.	  
nicotianae	  also	  can	  be	  persistent	  in	  soils,	  leading	  to	  prolonged	  disease	  pressure	  in	  
nurseries	  and	  landscapes.	  	  Once	  established	  within	  nursery	  or	  landscape	  beds,	  container	  
mixes,	  or	  other	  soils,	  this	  soil-­‐	  and	  water-­‐borne	  pathogen	  can	  cause	  root	  and	  crown	  rot	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diseases	  on	  any	  of	  its	  plant	  hosts	  (Erwin	  &	  Ribeiro	  1996).	  	  However,	  aboveground	  parts	  
of	  plants	  also	  can	  be	  affected	  —	  i.e.,	  flowers,	  fruits,	  stems,	  and	  leaves	  (Erwin	  &	  Ribeiro	  
1996,	  Schumann	  &	  D'Arcy	  2006).	  	  High	  temperatures	  and	  relative	  humidity	  tend	  to	  
enhance	  many	  diseases	  caused	  by	  P.	  nicotianae	  (Hamrick	  2003).	  	  The	  importance	  of	  
temperature	  and	  relative	  humidity	  is	  discussed	  later	  in	  this	  chapter.	  
Taxonomy.	  	  P.	  nicotianae	  was	  first	  described	  in	  1896	  as	  the	  causal	  agent	  of	  root	  
disease	  in	  tobacco,	  and	  was	  named	  for	  this	  host	  plant	  (Breda	  de	  Haan	  1896).	  	  Dastur	  
(1913)	  described	  a	  similar	  organism,	  naming	  it	  P.	  parasitica,	  to	  distinguish	  the	  organism	  
from	  that	  of	  Breda	  de	  Haan’s	  inadequate	  1896	  description.	  	  Further	  study	  and	  analysis	  
led	  to	  the	  proposal	  that	  all	  names	  be	  united	  under	  Dastur’s	  designation	  of	  Phytophthora	  
parasitica	  (Ashby	  1928).	  	  Nearly	  50	  years	  later,	  the	  name	  P.	  parasitica	  was	  replaced	  with	  
Breda	  de	  Haan’s	  name	  of	  P.	  nicotianae	  in	  accordance	  with	  the	  International	  Code	  of	  
Botanical	  Nomenclature,	  with	  two	  varieties	  recognized	  —	  P.	  nicotianae	  var.	  nicotianae	  
and	  P.	  nicotianae	  var.	  parasitica	  (Waterhouse	  1963).	  	  Hall	  (1993)	  re-­‐described	  this	  
species	  a	  century	  after	  its	  first	  characterization	  by	  Breda	  de	  Haan,	  and	  his	  analysis	  of	  
morphological,	  physiological,	  and	  biochemical	  characters	  led	  to	  the	  convergence	  of	  the	  
two	  varieties	  of	  P.	  nicotianae.	  	  Other	  studies	  have	  corroborated	  the	  decision	  that	  the	  
two	  varieties	  should	  not	  be	  separated	  (Erwin	  and	  Ribeiro	  1996,	  Ho	  &	  Jong	  1989,	  Lucas	  
1975,	  Tsao	  &	  Sisemore	  1978).	  
Biology.	  	  With	  experience,	  P.	  nicotianae	  can	  be	  identified	  readily	  by	  observation	  
of	  phenotypic	  features	  —	  including	  asexual	  structures	  (i.e.,	  sporangia,	  motile	  zoospores,	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and	  chlamydospores),	  sexual	  structures	  (i.e.,	  antheridia,	  oogonia,	  and	  oospores),	  and	  
colony	  growth	  patterns.	  	  Sporangia	  are,	  on	  average,	  40	  ×	  28	  μm	  in	  size	  (length	  by	  width)	  
although	  studies	  on	  morphology	  of	  sporangia	  of	  P.	  nicotianae	  indicated	  that	  size	  varies	  
among	  isolates	  (Ashby	  1928,	  Godfrey	  1923,	  Hall	  1993,	  Thomson	  &	  Hine	  1972,	  
Waterhouse	  1963).	  	  Similarly,	  the	  shapes	  of	  sporangia	  among	  isolates	  of	  this	  species	  can	  
vary	  among	  ellipsoid,	  ovoid,	  pyriform,	  obpyriform,	  and	  spherical	  (Erwin	  &	  Ribeiro	  1996).	  	  
All	  sporangia	  of	  P.	  nicotianae	  are	  papillate	  and	  noncaducous	  (Erwin	  &	  Ribeiro	  1996).	  	  As	  
sporangia	  develop,	  motile	  zoospores	  are	  cleaved	  from	  the	  cytoplasm	  and	  released.	  	  
These	  biflagellate	  zoospores	  are	  essential	  for	  the	  dissemination	  of	  P.	  nicotianae	  in	  water	  
(e.g.,	  through	  splash	  dispersal,	  irrigation	  runoff,	  flowing	  water,	  etc.)	  (Kuske	  &	  Benson	  
1983a).	  	  P.	  nicotianae	  can	  overwinter	  and	  persist	  in	  soils	  by	  producing	  chlamydospores,	  
which	  are	  thick-­‐walled	  asexual	  spores.	  	  Chlamydospores	  typically	  are	  produced	  in	  
abundance	  on	  the	  ends	  (i.e.,	  terminal)	  or	  within	  (i.e.,	  intercalary)	  developing	  hyphae	  
(Erwin	  &	  Ribeiro	  1996).	  
P.	  nicotianae	  also	  produces	  sexual	  structures	  under	  some	  conditions.	  	  While	  
most	  isolates	  of	  this	  species	  are	  heterothallic	  (i.e.,	  requiring	  an	  isolate	  of	  the	  opposite	  
mating	  type	  for	  sexual	  reproduction),	  a	  few	  have	  been	  documented	  as	  homothallic	  (i.e.,	  
sexual	  reproduction	  may	  occur	  without	  cohabitation	  with	  an	  isolate	  of	  opposite	  mating	  
type)	  (Brasier	  1972,	  Erwin	  &	  Ribeiro	  1996,	  Schubert	  &	  Leahy	  1989,	  Tsao	  et	  al.	  1980).	  	  
Oospores,	  i.e.,	  diploid	  sexual	  spores,	  form	  as	  a	  result	  of	  the	  union	  of	  a	  haploid,	  
monokaryotic	  antheridium	  and	  a	  haploid,	  monokaryotic	  oogonium.	  	  Oospores	  have	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been	  observed	  from	  12	  to	  45	  μm	  (average	  24	  µm)	  in	  diameter,	  and	  oospores	  do	  not	  
completely	  fill	  oogonia	  (i.e.,	  are	  aplerotic)	  (Erwin	  &	  Ribeiro	  1996).	  	  Oogonia	  typically	  are	  
spherical	  and	  smooth;	  a	  single	  antheridium	  surrounds	  the	  stalk	  of	  an	  oogonium	  (i.e.,	  
amphigynous)	  and	  typically	  is	  spherical	  or	  oval	  in	  shape	  (Erwin	  &	  Ribeiro	  1996).	  
Colonies	  of	  P.	  nicotianae	  are	  very	  distinctive	  on	  several	  agar	  media.	  	  
Macroscopically,	  mycelium	  typically	  appears	  tufted	  with	  arachnoid	  branching	  on	  potato-­‐
dextrose	  agar	  (PDA),	  and	  tends	  to	  be	  more	  floccus	  on	  V8	  juice	  media	  (Bush	  et	  al.	  2006,	  
Erwin	  &	  Ribeiro	  1996).	  	  Microscopically,	  this	  species	  is	  characterized	  by	  subtle	  swellings	  
of	  its	  thin	  hyphal	  walls	  (Hall	  1993).	  	  Colonies	  grow	  optimally	  at	  approximately	  28°C	  and	  
are	  bound	  by	  the	  upper	  and	  lower	  growth	  temperature	  limits	  of	  35°C	  and	  5°C,	  
respectively	  (Erwin	  &	  Ribeiro	  1996,	  Hall	  1993).	  
	  
THE	  CONDUCIVE	  ENVIRONMENT	  
	  
	   A	  combination	  of	  geographical	  and	  climatic	  factors	  influences	  the	  unique	  
relationship	  between	  Phytophthora	  nicotianae	  and	  Phlox	  paniculata.	  	  South	  Carolina	  —	  
and	  the	  greater	  southeastern	  region	  in	  the	  United	  States	  —	  is	  geographically	  situated	  
along	  the	  southern	  end	  of	  the	  natural	  range	  of	  P.	  paniculata;	  the	  higher	  temperatures	  
and	  high	  relative	  humidity	  of	  more	  southern	  regions	  are	  unsuitable	  for	  routine	  growth	  
of	  this	  plant.	  	  Conversely,	  the	  temperature	  requirements	  of	  P.	  nicotianae	  place	  South	  
Carolina	  in	  the	  mid-­‐	  to	  upper	  (i.e.,	  northern)	  end	  of	  the	  natural	  range	  of	  this	  pathogen;	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more	  northern	  climates,	  where	  winter	  temperatures	  routinely	  drop	  below	  freezing,	  
prohibit	  the	  species	  from	  overwintering	  in	  nursery	  and	  landscape	  soils	  (Kuske	  &	  Benson	  
1983b).	  	  Furthermore,	  research	  suggests	  that	  high	  relative	  humidity	  levels	  promote	  the	  
development	  of	  hyphae,	  germination	  of	  propagules,	  and	  infection	  of	  plants	  in	  true	  fungi	  
and	  fungi-­‐like	  microorganisms	  (Crosier	  1934,	  Leach	  1985,	  Rotem,	  Ben-­‐Joseph	  &	  Reuveni	  
1973,	  Rotem	  &	  Cohen	  1973,	  Thomas	  et	  al.	  1988,	  Van	  Den	  Berg	  &	  Lentz	  1968).	  	  Thus,	  the	  
southeastern	  region	  of	  the	  United	  States	  sits	  in	  a	  unique	  zone	  created	  by	  the	  overlap	  of	  
the	  distributions	  of	  the	  pathogen	  and	  plant	  host,	  but	  it	  appears	  to	  favor	  pathogen	  




	   In	  this	  research	  project,	  the	  concepts	  of	  the	  disease	  triangle	  were	  employed	  to	  
examine	  the	  relationship	  between	  Phytophthora	  nicotianae	  and	  Phlox	  paniculata	  as	  it	  
exists	  in	  South	  Carolina	  nurseries.	  	  This	  disease	  has	  not	  been	  formally	  described	  in	  the	  
literature,	  perhaps	  because	  of	  the	  influence	  of	  environmental	  factors.	  	  The	  host	  plant	  is	  
grown	  primarily	  in	  landscapes	  in	  northern	  states	  where	  the	  environment	  favors	  plant	  
growth	  and	  does	  not	  favor	  pathogen	  survival,	  so	  the	  disease	  typically	  does	  not	  occur	  in	  
these	  locations.	  	  The	  disease	  seems	  to	  occur	  only	  in	  production	  nurseries	  in	  the	  
southeastern	  United	  States	  where	  plants	  are	  grown	  for	  northern	  markets.	  	  In	  this	  
region,	  high	  temperatures	  stress	  plants	  but	  also	  favor	  pathogen	  growth	  and	  survival.
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   In	  nursery	  beds	  in	  the	  field,	  infection	  of	  garden	  phlox	  by	  P.	  nicotianae	  results	  in	  a	  
blighting	  of	  the	  uppermost,	  succulent	  foliage	  of	  the	  plant.	  	  Expanding	  lesions	  coalesce	  
and	  advance	  down	  the	  leaves	  and	  stems	  of	  the	  plant	  throughout	  the	  growing	  season,	  
resulting	  in	  extensive	  foliage	  blight	  (Figure	  1.1).	  	  Previous	  research	  has	  revealed	  that	  P.	  
nicotianae	  exhibits	  remarkable	  diversity	  among	  isolates,	  and	  some	  isolates	  may	  be	  host	  
specific	  (Eisenmann	  2003,	  Erwin	  &	  Ribeiro	  1996,	  Jeffers	  &	  Meadows	  2011).	  	  Similarly,	  
discussions	  with	  growers	  suggest	  that	  cultivars	  of	  P.	  paniculata	  differ	  in	  susceptibilities	  
to	  P.	  nicotianae	  (R.	  Coronado,	  personal	  communication;	  T.	  Watson,	  personal	  
communication).	  	  In	  this	  research	  project,	  variation	  within	  the	  host	  and	  pathogen	  was	  
explored	  to	  investigate	  how	  the	  diversity	  within	  the	  host	  and	  pathogen	  populations	  
influences	  disease	  development.	  
The	  first	  aspect	  of	  this	  project	  was	  to	  investigate	  the	  roles	  of	  various	  
environmental	  conditions	  on	  pathogenicity	  of	  P.	  nicotianae	  on	  P.	  paniculata.	  	  Using	  
isolates	  collected	  from	  diseased	  P.	  paniculata	  plants	  in	  the	  field,	  existing	  inoculation	  
methods	  were	  refined	  to	  best	  reproduce	  field	  symptoms	  according	  to	  Koch’s	  Postulates	  
for	  Pathogenicity.	  	  Additional	  experiments	  sought	  to	  improve	  disease	  development	  by	  
manipulating	  these	  environmental	  factors;	  the	  role	  of	  relative	  humidity	  on	  infection	  and	  
disease	  development	  as	  well	  as	  the	  influence	  of	  salt	  and	  flooding	  stresses	  on	  overall	  
plant	  health	  were	  investigated.	  	  The	  second	  phase	  of	  this	  research	  project	  was	  centered	  
on	  the	  plant	  host;	  differences	  in	  susceptibility	  among	  cultivars	  of	  P.	  paniculata	  to	  
infection	  by	  a	  single	  isolate	  of	  P.	  nicotianae	  were	  explored	  using	  the	  techniques	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developed	  during	  the	  first	  phase	  of	  this	  project.	  	  In	  the	  final	  stage	  of	  this	  project,	  
variation	  in	  virulence	  among	  isolates	  of	  P.	  nicotianae	  that	  had	  been	  recovered	  from	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Figure	  1.1.	  	  Symptoms	  of	  Phytophthora	  foliage	  blight	  on	  garden	  phlox	  in	  the	  nursery	  
first	  appeared	  as	  blight	  on	  individual	  leaves	  (A).	  	  As	  the	  growing	  season	  continued,	  the	  
pathogen	  often	  spread	  up	  and	  down	  stems	  (B,	  C)	  and	  among	  plants	  within	  the	  nursery	  
bed	  (D),	  and	  disease	  severity	  increased	  dramatically.
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   Phytophthora	  nicotianae	  causes	  disease,	  primarily	  root	  and	  crown	  rots,	  on	  a	  
wide	  range	  of	  host	  plants	  (Erwin	  &	  Ribeiro	  1996).	  	  In	  2003,	  P.	  nicotianae	  was	  
documented	  as	  a	  causal	  agent	  of	  disease	  on	  Phlox	  paniculata	  (Eisenmann	  2003);	  
however,	  this	  pathogen	  has	  been	  reported	  to	  cause	  disease	  on	  other	  species	  of	  Phlox	  
(Moore	  1959).	  	  Our	  first	  objective	  was	  to	  fulfill	  Koch’s	  Postulates	  for	  Pathogenicity	  to	  
confirm	  that	  P.	  nicotianae	  is	  pathogenic	  to	  P.	  paniculata:	  
1. P.	  nicotianae	  must	  be	  consistently	  associated	  with	  P.	  paniculata.	  
2. P.	  nicotianae	  must	  be	  isolated	  from	  P.	  paniculata	  and	  grown	  in	  pure	  culture.	  
3. Pure	  cultures	  of	  P.	  nicotianae	  must	  cause	  disease	  when	  introduced	  into	  healthy	  
plants	  of	  P.	  paniculata,	  with	  symptoms	  similar	  to	  those	  observed	  initially.	  
4. P.	  nicotianae	  must	  be	  isolated	  from	  plants	  inoculated	  with	  P.	  paniculata	  and	  
confirmed	  to	  be	  the	  same	  species	  as	  the	  original	  isolates	  used	  to	  inoculate	  the	  
host.	  
In	  fulfillment	  of	  Koch’s	  first	  and	  second	  criteria,	  isolates	  of	  P.	  nicotianae	  were	  collected	  
from	  P.	  paniculata	  plants	  growing	  at	  a	  South	  Carolina	  nursery	  that	  consistently	  had	  seen	  
this	  disease	  over	  many	  years.	  	  Pure	  cultures	  were	  grown	  from	  these	  isolates,	  and	  then	  
used	  for	  steps	  3	  and	  4	  of	  Koch’s	  Postulates.	  
	   Our	  second	  objective	  was	  to	  reproduce	  symptoms	  observed	  in	  the	  field	  on	  
garden	  phlox	  to	  establish	  procedures	  for	  subsequent	  research.	  	  In	  a	  previous	  study,	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Eisenmann	  (2003)	  had	  inoculated	  the	  roots	  of	  P.	  paniculata	  and	  reported	  pathogenicity.	  	  
However,	  the	  primary	  symptom	  observed	  in	  the	  field	  was	  foliage	  blight.	  	  Targeting	  the	  
primary	  infection	  court	  is	  a	  key	  consideration	  in	  developing	  effective	  inoculation	  
procedures.	  	  Inoculation	  techniques	  that	  incorporate	  inoculum	  into	  soil	  commonly	  are	  
used	  for	  experiments	  on	  pathogenicity	  with	  Phytophthora	  spp.	  (Eisenmann	  2003,	  Erwin	  
&	  Ribeiro	  1996).	  	  Using	  such	  procedures,	  propagules	  are	  targeting	  primarily	  roots	  and	  
crowns	  as	  infection	  courts	  although	  soilborne	  inoculum	  can	  be	  splashed	  onto	  foliage	  
and	  initiate	  infection	  above	  ground.	  	  Alternatively,	  inoculum	  could	  be	  present	  in	  
recycled	  irrigation	  water,	  which	  would	  be	  delivered	  to	  foliage	  in	  overhead	  irrigation	  
(Cohen	  et	  al.	  2000,	  Stranghellini	  et	  al.	  2000,	  Werres	  et	  al.	  2007).	  
	  
MATERIALS	  AND	  METHODS	  
	  
Soil	  Infestation	  Experiment	  
	  
Phlox	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  ‘Flame	  Purple,’	  ‘Flame	  Pink,’	  
‘Flame	  Light	  Pink,’	  and	  ‘Flame	  White	  Eye’	  were	  received	  from	  a	  local	  production	  nursery.	  	  
Plugs	  were	  transplanted	  into	  1-­‐liter	  pots	  containing	  a	  soilless	  peat-­‐based	  medium	  
(Fafard	  3B:	  Sun	  Gro	  Horticulture,	  Agawam,	  MA)	  and	  grown	  for	  4	  weeks	  to	  acclimate	  to	  
greenhouse	  conditions	  (i.e.,	  14-­‐h	  photoperiod,	  100	  W×m-­‐2	  minimum	  light	  intensity,	  and	  
25°C	  average	  temperature).	  	  Plants	  were	  watered	  daily	  to	  soil	  capacity	  and	  fertilized	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weekly	  with	  Peters	  Professional	  20-­‐10-­‐20	  Peat-­‐Lite	  Special	  water-­‐soluble	  fertilizer	  
(Everris	  NA,	  Inc.,	  The	  Netherlands)	  at	  a	  rate	  of	  13.75	  ppm.	  	  
V8-­‐vermiculite	  inoculum.	  	  V8-­‐vermiculite	  inoculum	  of	  P.	  nicotianae	  was	  
prepared	  following	  standard	  methods	  (Eisenmann	  2003,	  Roiger	  &	  Jeffers	  1991).	  	  Two	  
volumes	  of	  dry	  vermiculite	  –	  previously	  sterilized	  at	  90°C	  in	  an	  oven	  for	  24	  h	  –	  were	  
mixed	  with	  one	  volume	  of	  10%	  V8	  broth	  (V8B:	  100	  ml	  V8	  juice	  +	  1.0	  g	  CaCO3	  +	  900	  ml	  
distilled	  water).	  	  A	  total	  of	  24	  plants	  were	  to	  be	  treated	  in	  a	  single	  trial,	  so	  1800	  ml	  of	  
vermiculite	  was	  moistened	  with	  900	  ml	  of	  V8B,	  and	  this	  mixture	  was	  divided	  among	  12	  
250-­‐ml	  Erlenmeyer	  flasks;	  therefore,	  approximately	  120	  ml	  of	  V8-­‐vermiculite	  mixture	  
was	  in	  each	  flask.	  	  Flasks	  were	  covered	  loosely	  with	  a	  foam	  plug	  and	  aluminum	  foil	  and	  
autoclaved	  for	  60	  min	  at	  121°C.	  	  Flasks	  were	  autoclaved	  a	  second	  time	  for	  60	  min	  24	  h	  
later.	  
Three	  isolates	  of	  P.	  nicotianae	  –	  each	  previously	  recovered	  from	  a	  diseased	  plant	  
of	  different	  cultivars	  of	  P.	  paniculata	  –	  were	  grown	  on	  10%	  clarified	  V8	  juice	  agar	  (cV8A:	  
100	  ml	  of	  buffered	  and	  clarified	  V8	  Juice	  [Ferguson	  &	  Jeffers	  1999],	  900	  ml	  of	  distilled	  
water,	  and	  15	  g	  of	  Difco	  Bacto	  Agar);	  cultures	  were	  prepared	  of	  isolates	  ‘Flil’	  (from	  
cultivar	  Flame	  Lilac),	  ‘Fpur’	  (from	  cultivar	  Flame	  Purple),	  and	  ‘Flpk’	  (from	  cultivar	  Flame	  
Light	  Pink).	  	  For	  each	  isolate,	  three	  cV8A	  disks	  were	  cut	  with	  a	  5-­‐mm-­‐diameter	  cork	  
borer	  and	  aseptically	  transferred	  into	  a	  flask	  containing	  V8-­‐vermiculite	  mixture;	  four	  
flasks	  of	  V8-­‐vermiculate	  inoculum	  were	  prepared	  for	  each	  isolate.	  	  Flasks	  were	  labeled,	  
loosely	  re-­‐sealed	  with	  foam	  plugs	  and	  aluminum	  foil,	  and	  kept	  at	  25°C	  in	  the	  dark	  for	  14	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days.	  	  At	  the	  end	  of	  the	  incubation	  period,	  a	  very	  small	  amount	  (approximately	  0.25	  ml)	  
of	  inoculum	  from	  each	  flask	  was	  aseptically	  transferred	  onto	  the	  surface	  of	  cV8A	  plates.	  	  
Plates	  were	  held	  at	  25°C	  in	  the	  dark	  for	  24	  h	  and	  then	  examined	  for	  contamination	  and	  
thorough	  colonization	  of	  vermiculite	  particles	  by	  P.	  nicotianae.	  
Inoculation,	  observation,	  and	  harvest.	  	  Five	  ml	  of	  inoculum	  was	  spread	  onto	  the	  
surface	  of	  the	  container	  mix	  in	  each	  potted	  plant.	  	  Inoculum	  was	  gently	  incorporated	  
into	  the	  upper	  layer	  of	  container	  mix	  and	  then	  all	  plants	  were	  watered	  thoroughly.	  	  
Disease	  severity	  on	  each	  plant	  was	  evaluated	  weekly	  using	  a	  scale	  from	  0	  to	  4	  that	  was	  
adapted	  from	  previous	  research	  (Eisenmann	  2003)	  and	  based	  on	  percentage	  of	  the	  
above-­‐ground	  portion	  of	  the	  plant	  that	  had	  symptoms:	  	  0=0-­‐10%,	  1=11-­‐40%,	  2=41-­‐60%,	  
3=61-­‐90%,	  and	  4=91-­‐100%.	  	  Plants	  were	  harvested	  upon	  receiving	  a	  rating	  of	  4	  or	  at	  the	  
conclusion	  of	  the	  experiment.	  	  Isolation	  of	  the	  pathogen	  from	  symptomatic	  tissues	  on	  
harvested	  plants	  was	  done	  using	  PARPH-­‐V8	  selective	  medium	  (Ferguson	  &	  Jeffers	  1999);	  
plates	  were	  kept	  at	  25°C	  in	  the	  dark	  for	  3	  days.	  	  Colonies	  suspected	  of	  being	  P.	  
nicotianae	  were	  subcultured	  onto	  fresh	  PARPH-­‐V8,	  grown	  at	  25°C	  in	  the	  dark	  for	  3	  days,	  
and	  then	  confirmed	  by	  typical	  morphological	  characters	  (Erwin	  &	  Ribeiro	  1996).	  
Experimental	  design.	  	  Following	  a	  full	  factorial	  design,	  six	  replicate	  plants	  of	  each	  
of	  the	  four	  cultivars	  of	  P.	  paniculata	  were	  inoculated	  with	  each	  of	  the	  three	  isolates	  of	  P.	  
nicotianae.	  Another	  six	  plants	  of	  each	  cultivar	  received	  sterile	  V8-­‐vermiculite	  and	  served	  
as	  controls.	  Plants	  were	  randomized	  on	  a	  greenhouse	  bench	  and	  were	  monitored	  for	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symptom	  development	  and	  disease	  progress	  over	  a	  6-­‐week	  period	  following	  
inoculation.	  	  The	  experiment	  was	  conducted	  twice	  in	  two	  independent	  trials.	  
	  
Zoospore	  Suspension	  Spray	  Experiment	  
	  
	   Phlox	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  ‘Flame	  Purple’	  and	  ‘Peacock	  
Cherry	  Red’	  were	  received	  from	  a	  local	  production	  nursery	  and	  were	  transplanted	  into	  
1-­‐liter	  pots	  containing	  Fafard	  3B	  medium,	  and	  plants	  were	  grown	  for	  6	  weeks	  to	  
acclimate	  to	  greenhouse	  conditions.	  	  Plants	  were	  watered	  and	  fertilized	  as	  described	  
above.	  
Zoospore	  suspensions.	  	  Methods	  for	  preparing	  zoospore	  inoculum	  were	  adapted	  
from	  methods	  used	  routinely	  in	  the	  Jeffers	  Lab	  at	  Clemson	  University	  in	  Clemson,	  South	  
Carolina	  and	  reported	  by	  Nyberg	  (2011).	  	  Isolate	  Fpur	  of	  P.	  nicotianae	  was	  grown	  on	  
cV8A.	  	  Three	  agar	  plugs	  (5	  mm	  in	  diameter)	  were	  excised	  from	  the	  colony	  margin	  and	  
transferred	  into	  empty,	  sterile	  100-­‐ml	  petri	  dishes,	  and	  then	  15	  ml	  of	  sterile	  10%	  
clarified	  V8B	  (cV8B	  =	  cV8A	  without	  agar)	  was	  added	  to	  each	  plate.	  	  Plates	  were	  kept	  at	  
25°C	  in	  the	  dark	  for	  72	  h	  or	  until	  mycelium	  mats	  were	  attached	  to	  the	  bottom	  of	  the	  
petri	  plate	  when	  gently	  swirled.	  	  cV8B	  then	  was	  removed	  from	  petri	  dishes,	  mats	  were	  
rinsed	  twice	  with	  15	  ml	  of	  distilled	  water,	  and	  20	  ml	  of	  1.5%	  non-­‐sterile	  soil	  extract	  
solution	  (NSSES;	  Jeffers	  &	  Aldwinkle	  1987)	  was	  added	  to	  the	  plates.	  	  Cultures	  were	  
returned	  to	  25°C	  in	  the	  dark	  for	  48	  h.	  	  To	  stimulate	  zoospore	  production	  and	  release,	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colonies	  were	  placed	  at	  15°C	  for	  approximately	  15	  min	  and	  then	  moved	  to	  room	  
temperature	  (22	  to	  25°C)	  for	  approximately	  45	  min.	  	  The	  density	  of	  zoospores	  in	  the	  
suspension	  was	  measured	  using	  a	  hemacytometer.	  	  A	  calculated	  volume	  of	  the	  raw	  
suspension	  was	  diluted	  with	  enough	  distilled	  water	  to	  make	  a	  stock	  suspension	  with	  a	  
total	  volume	  of	  100	  ml	  and	  a	  final	  density	  of	  zoospores	  of	  approximately	  3×104	  
zoospores	  ml-­‐1.	  	  This	  suspension	  was	  poured	  into	  a	  plastic	  finger-­‐pump	  spray	  bottle.	  
Inoculation,	  observation,	  and	  harvest.	  	  Three	  replicate	  plants	  of	  each	  cultivar	  
were	  placed	  in	  each	  of	  three	  large,	  high-­‐walled	  plastic	  tubs	  (i.e.,	  12	  plants	  per	  tub).	  	  
Plants	  in	  one	  tub	  were	  sprayed	  to	  drip	  with	  only	  distilled	  water	  (control);	  plants	  in	  the	  
other	  two	  tubs	  were	  sprayed	  to	  drip	  with	  the	  zoospore	  suspension.	  	  All	  tubs	  were	  
covered	  to	  maintain	  near	  100%	  relative	  humidity	  (RH),	  which	  promoted	  zoospore	  
germination	  and	  infection.	  	  Non-­‐inoculated	  plants	  and	  inoculated	  plants	  in	  one	  tub	  
remained	  covered	  for	  72	  h;	  inoculated	  plants	  in	  the	  other	  tub	  remained	  covered	  for	  24	  
h.	  	  At	  the	  end	  of	  infection	  periods,	  plants	  were	  removed	  from	  tubs	  and	  placed	  on	  a	  
greenhouse	  bench.	  	  	  
Plants	  were	  monitored	  for	  symptom	  development	  and	  disease	  progress	  for	  5	  
weeks	  after	  inoculation.	  	  Disease	  incidence	  (i.e.,	  +	  or	  -­‐	  disease)	  and	  severity	  (i.e.,	  
proportion	  of	  shoots	  and	  leaves	  with	  symptoms)	  for	  each	  plant	  were	  recorded	  at	  7-­‐day	  
intervals.	  	  Plants	  were	  harvested	  upon	  death	  or	  at	  the	  conclusion	  of	  a	  trial.	  	  
Symptomatic	  tissues	  from	  harvested	  plants	  were	  plated	  onto	  PARPH-­‐V8,	  and	  plates	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were	  examined	  for	  P.	  nicotianae	  after	  3	  days	  at	  25°C	  in	  the	  dark.	  	  Colonies	  suspected	  of	  
being	  P.	  nicotianae	  were	  subcultured,	  grown,	  and	  identified	  as	  described	  above.	  
Experimental	  design.	  	  This	  experiment	  had	  an	  incomplete	  factorial	  design	  
involving	  the	  factors	  of	  inoculum,	  infection	  period,	  and	  cultivar	  of	  P.	  paniculata.	  	  The	  
experiment	  was	  conducted	  twice	  in	  two	  independent	  trials.	  
	  
Relative	  Humidity	  Experiment	  
	  
Phlox	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  ‘Laura’	  were	  received	  from	  a	  
local	  production	  nursery	  and	  transplanted	  into	  1-­‐liter	  plastic	  pots	  containing	  Fafard	  3B	  
medium.	  	  Plants	  were	  grown	  for	  4	  weeks	  to	  acclimate	  to	  greenhouse	  conditions	  and	  
were	  watered	  and	  fertilized	  as	  described	  above.	  
	   Establishment	  of	  environmental	  conditions.	  	  To	  achieve	  appropriate	  and	  stable	  
environmental	  conditions,	  plants	  were	  placed	  in	  a	  growth	  room	  where	  temperature	  and	  
RH	  were	  held	  within	  set	  ranges	  and	  photoperiod	  was	  constant.	  	  Unique	  environmental	  
conditions	  were	  defined	  for	  both	  the	  infection	  period	  (i.e.,	  72-­‐h	  period	  immediately	  
following	  inoculation	  with	  P.	  nicotianae)	  and	  subsequent	  growing	  period	  for	  the	  
duration	  of	  the	  experiment;	  three	  levels	  of	  RH	  were	  imposed	  during	  the	  72-­‐h	  infection	  
period,	  and	  2	  levels	  of	  RH	  were	  imposed	  during	  the	  post-­‐infection	  growing	  period.	  	  High	  
(100%)	  RH	  during	  the	  infection	  period	  was	  achieved	  by	  placing	  plants	  in	  a	  moist	  
chamber	  –	  a	  large,	  high-­‐walled	  plastic	  tub	  containing	  approximately	  2	  liters	  of	  water	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covered	  with	  a	  second	  tub.	  	  Moderate	  (87%)	  RH	  levels	  were	  achieved	  using	  a	  large	  
humidity	  chamber	  that	  was	  constructed	  within	  the	  growth	  room	  and	  is	  described	  below.	  	  
Conversely,	  ambient	  (54%)	  RH	  during	  the	  infection	  period	  was	  that	  normally	  present	  in	  
the	  growth	  room	  without	  the	  use	  of	  tubs	  or	  the	  humidity	  chamber.	  	  Temperature	  and	  
RH	  were	  measured	  using	  the	  HOBO	  Micro	  Station	  data	  logger	  with	  a	  12-­‐bit	  temperature	  
and	  RH	  sensor	  (Onset	  Computer	  Corporation,	  Bourne,	  MA).	  
	   The	  environmental	  conditions	  during	  the	  post-­‐infection	  growing	  period	  were	  
also	  divided	  into	  two	  categories:	  	  ambient	  and	  high	  RH.	  	  Ambient	  growing	  conditions	  
were	  the	  conditions	  maintained	  in	  the	  growth	  room,	  which	  were	  25	  ±	  1.8°C,	  54	  ±	  0.1%	  
RH,	  and	  100	  W×m-­‐2	  light	  intensity	  for	  a	  14-­‐h	  photoperiod.	  	  High	  RH	  growing	  conditions	  
were	  28	  ±	  2.8°C,	  88	  ±	  13.4%	  RH,	  and	  100	  W×m-­‐2	  light	  intensity	  for	  a	  14-­‐hour	  
photoperiod.	  	  These	  conditions	  were	  established	  within	  a	  humidity	  chamber	  that	  was	  
placed	  on	  a	  bench	  in	  the	  growth	  room	  (Figure	  2.1).	  	  The	  chamber	  frame,	  1.2-­‐m	  ×	  1.2-­‐m	  ×	  
2.4-­‐m,	  was	  built	  from	  5-­‐cm-­‐diameter	  PVC	  pipe	  and	  was	  covered	  with	  sheets	  of	  1-­‐mm	  
clear	  plastic.	  	  High	  RH	  was	  generated	  and	  maintained	  through	  the	  continual	  use	  of	  an	  
ultrasonic	  humidifier	  (PureGuardian	  120-­‐hour	  ultrasonic	  humidifier	  H4500,	  Guardian	  
Technologies,	  Mentor,	  OH)	  placed	  within	  the	  chamber.	  	  PVC	  vents	  through	  the	  top	  of	  
the	  structure	  and	  a	  small	  intake	  fan	  inserted	  into	  a	  whole	  in	  the	  plastic	  sheeting	  
regulated	  the	  internal	  temperature	  of	  the	  chamber	  and	  provided	  adequate	  air	  
circulation.	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Inoculation,	  observation,	  and	  harvest.	  	  A	  suspension	  of	  3×104	  zoospores	  ml-­‐1	  of	  
isolate	  Flpk	  of	  P.	  nicotianae	  was	  prepared	  as	  described	  above.	  	  The	  three	  groups	  of	  six	  
replicate	  plants	  that	  were	  to	  be	  held	  at	  ambient	  growing	  conditions	  were	  placed	  on	  one	  
side	  of	  the	  growth	  room	  while	  the	  three	  groups	  of	  six	  replicate	  plants	  that	  were	  to	  be	  
held	  at	  high	  RH	  growing	  conditions	  were	  placed	  inside	  the	  humidity	  chamber	  within	  the	  
same	  growth	  room.	  	  Six	  treatments	  were	  defined	  by	  a	  combination	  of	  three	  factors—
inoculum,	  infection	  period	  RH,	  and	  post-­‐infection	  period	  RH,	  respectively:	  	  
+	  inoculum,	  100%	  RH,	  high	  RH	  
+	  inoculum,	  100%	  RH,	  ambient	  RH	  
+	  inoculum,	  88%	  RH,	  high	  RH	  
+	  inoculum,	  54%	  RH,	  ambient	  RH	  
–	  inoculum,	  88%	  RH,	  high	  RH	  
–	  inoculum,	  54%	  RH,	  ambient	  RH	  
Each	  group	  of	  plants	  was	  sprayed	  to	  drip	  with	  the	  suspension	  of	  zoospore	  inoculum	  or	  
distilled	  water,	  and	  then	  plants	  were	  moved	  to	  infection	  period	  conditions.	  
	   Following	  the	  72-­‐h	  infection	  period,	  plants	  were	  transferred	  to	  the	  appropriate	  
growing	  conditions.	  	  All	  plants	  were	  evaluated	  at	  7	  and	  14	  days	  after	  inoculation	  for	  
disease	  incidence	  and	  severity,	  using	  a	  scale	  from	  0-­‐5	  based	  on	  the	  percentage	  of	  foliage	  
with	  symptoms:	  	  0=0%	  (healthy);	  1=1-­‐25%;	  2=26-­‐50%;	  3=51-­‐75%;	  4=76-­‐99%;	  5=100%	  
(dead).	  	  The	  scale	  used	  in	  the	  soil	  infestation	  study	  was	  adapted	  to	  include	  ratings	  for	  
plants	  that	  were	  asymptomatic	  and	  completely	  dead.	  	  At	  the	  end	  of	  the	  2-­‐week	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experimental	  period,	  isolations	  were	  made	  on	  PARPH-­‐V8	  from	  lesion	  margins	  on	  leaves,	  
petioles,	  and	  stems,	  and	  then	  isolation	  plates	  were	  held	  for	  2	  days	  at	  25°C	  in	  the	  dark.	  	  
Plates	  then	  were	  inspected	  for	  the	  presence	  or	  absence	  of	  typical	  colonies	  of	  P.	  
nicotianae.	  
Experimental	  design.	  	  This	  study	  was	  modeled	  on	  an	  incomplete	  factorial	  
experimental	  design	  and	  contained	  the	  effects	  of	  treatment	  and	  days	  after	  inoculation	  




Results	  from	  each	  experiment	  were	  analyzed	  independently	  with	  JMP	  ver.	  10	  
(SAS	  Institute	  Inc.,	  Cary,	  NC).	  	  In	  all	  three	  experiments,	  a	  90%	  confidence	  interval	  (i.e.,	  
α=0.10)	  was	  used	  because	  of	  the	  inherent	  variability	  attributed	  to	  the	  biological	  
interactions	  between	  the	  pathogen	  and	  host	  throughout	  this	  study.	  	  In	  the	  soil	  
infestation	  study,	  a	  two-­‐way	  analysis	  of	  variance	  (ANOVA)	  was	  conducted	  using	  the	  
main	  effects	  of	  inoculum	  and	  cultivar	  to	  assess	  the	  effects	  of	  cultivars	  of	  P.	  paniculata	  
and	  unique	  isolates	  of	  P.	  nicotianae	  on	  disease	  incidence	  and	  severity.	  	  Areas	  under	  
disease	  progress	  curves	  (AUDPC)	  were	  calculated	  for	  assessment	  of	  disease	  severity	  
over	  the	  experimental	  period.	  	  In	  the	  zoospore	  suspension	  experiment,	  a	  three-­‐way	  
ANOVA	  was	  used	  to	  assess	  the	  main	  effects	  of	  treatment,	  cultivar,	  and	  trial	  on	  disease	  
incidence	  at	  the	  end	  of	  the	  experimental	  period.	  	  A	  randomization	  test	  also	  was	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conducted	  to	  adjust	  for	  non-­‐normality	  and	  heteroscedasticity	  of	  results.	  	  Data	  from	  the	  
relative	  humidity	  experiment	  in	  the	  growth	  chamber	  were	  analyzed	  using	  the	  median	  
values	  for	  each	  range	  of	  the	  disease	  severity	  rating	  scale.	  	  Data	  were	  transformed	  to	  
square	  root	  values	  before	  analysis	  to	  help	  normalize	  data.	  A	  two-­‐way	  ANOVA	  was	  




Soil	  Infestation	  Experiment	  
	  
Inoculum	  of	  P.	  nicotianae	  caused	  disease	  on	  all	  four	  cultivars	  of	  P.	  paniculata	  
(Figure	  2.2).	  	  During	  each	  trial,	  symptoms	  progressed	  up	  the	  main	  stem	  of	  inoculated	  
plants	  from	  the	  soil	  surface	  (Figure	  2.3).	  	  Upon	  closer	  examination,	  P.	  nicotianae	  caused	  
a	  crown	  rot	  that	  decayed	  plant	  tissues	  immediately	  below	  the	  soil	  line	  although	  roots	  
were	  not	  compromised	  even	  with	  the	  disintegration	  of	  the	  crown	  (Figure	  2.4).	  	  
Additionally,	  growth	  of	  hyphae	  and	  sporulation	  were	  evident	  at	  the	  base	  of	  many	  
diseased	  plants	  (Figure	  2.5).	  	  Isolations	  from	  diseased	  tissues	  onto	  PARPH-­‐V8	  selective	  
medium	  confirmed	  that	  P.	  nicotianae	  had	  infected	  plants.	  
In	  a	  two-­‐way	  ANOVA,	  the	  interaction	  between	  cultivar	  and	  isolate	  was	  not	  
significant,	  so	  main	  effects	  of	  these	  two	  factors	  could	  be	  evaluated	  (Table	  2.1).	  	  Disease	  
incidence	  was	  similar	  for	  all	  three	  isolates	  on	  the	  four	  cultivars	  combined.	  	  Isolates	  Fpur	  
	  36	  
and	  Flil	  caused	  disease	  on	  49%	  and	  54%,	  respectively,	  of	  plants	  and	  caused	  significantly	  
more	  disease	  than	  the	  control.	  	  Disease	  incidence	  was	  lowest	  on	  plants	  inoculated	  with	  
isolate	  Flpk,	  and	  this	  was	  not	  statistically	  different	  from	  that	  on	  control	  plants.	  	  AUDPC	  
values,	  which	  were	  measures	  of	  disease	  severity,	  revealed	  similar	  results.	  	  Disease	  was	  
most	  severe	  on	  plants	  inoculated	  with	  isolates	  Fpur	  and	  Flil	  and	  was	  least	  severe	  on	  
those	  not	  inoculated.	  Disease	  severity	  on	  plants	  inoculated	  with	  isolate	  Flpk	  was	  not	  
statistically	  different	  than	  that	  on	  non-­‐inoculated	  control	  plants	  and	  was	  similar	  to	  that	  
on	  plants	  inoculated	  with	  the	  other	  two	  isolates	  (Table	  2.1).	  	  Some	  plants	  in	  each	  of	  the	  
four	  cultivars	  of	  P.	  paniculata	  became	  diseased	  by	  the	  end	  of	  the	  6-­‐week	  experimental	  
period	  (Figure	  2.6).	  	  However,	  not	  all	  cultivars	  were	  equally	  affected;	  disease	  severity	  on	  
cultivar	  Flame	  Pink	  was	  significantly	  greater	  than	  that	  on	  cultivars	  Flame	  Light	  Pink,	  
Flame	  Purple,	  and	  Flame	  White	  eye	  (Table	  2.1).	  	  
	  
Zoospore	  Suspension	  Spray	  Experiment	  
	  
After	  inoculation	  with	  a	  zoospore	  suspension,	  plants	  developed	  symptoms	  that	  
were	  very	  similar	  to	  those	  observed	  in	  the	  field.	  	  Water-­‐soaked	  lesions	  were	  visible	  
along	  leaf	  margins	  and	  on	  succulent	  new	  shoots	  (Figure	  2.7).	  	  Over	  time,	  many	  of	  the	  
discrete	  initial	  lesions	  coalesced	  into	  larger	  lesions	  that	  resulted	  in	  overall	  blighting	  of	  
foliage;	  once	  established	  within	  the	  petioles,	  infection	  spread	  into	  the	  main	  stem	  and	  
resulted	  in	  chlorosis,	  wilting,	  and	  death	  of	  distal	  foliage	  (Figure	  2.8).	  	  Although	  this	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progression	  of	  symptoms	  was	  observed	  on	  some	  plants,	  lesion	  margins	  often	  were	  
halted	  at	  nodes	  on	  other	  plants	  (Figure	  2.9).	  	  Signs	  of	  P.	  nicotianae	  also	  were	  present	  on	  
both	  cultivars	  of	  P.	  paniculata;	  aerial	  hyphae	  were	  visible	  extending	  from	  lesions,	  
particularly	  on	  the	  most	  succulent	  new	  growth	  and	  flower	  buds	  (Figure	  2.10).	  
Initial	  analysis	  by	  3-­‐way	  ANOVA	  indicated	  that	  the	  main	  effects	  of	  treatment,	  
cultivar,	  and	  trial	  were	  significant	  in	  their	  effects	  on	  incidence	  of	  Phytophthora	  foliage	  
blight	  on	  the	  two	  cultivars	  inoculated	  with	  zoospores	  (Table	  2.2).	  	  However,	  all	  2-­‐way	  
and	  3-­‐way	  interactions	  also	  were	  significant	  (Table	  2.2),	  so	  analyses	  were	  conducted	  on	  
single	  cultivars	  within	  each	  trial.	  	  Treatments	  resulted	  in	  significant	  incidence	  of	  disease	  
on	  Peacock	  Cherry	  Red	  plants	  in	  trial	  1	  and	  on	  Flame	  Purple	  plants	  in	  trials	  1	  and	  2	  
(Table	  2.2).	  	  In	  both	  trials,	  disease	  incidence	  was	  greater	  on	  Flame	  Purple	  plants	  than	  on	  
Peacock	  Cherry	  Red	  plants.	  	  On	  Peacock	  Cherry	  Red	  plants	  in	  trial	  1	  and	  Flame	  Purple	  
plants	  in	  trial	  2,	  significant	  foliage	  blight	  occurred	  with	  both	  72-­‐h	  and	  24-­‐h	  infection	  
periods.	  	  On	  Flame	  Purple	  plants	  in	  trial	  1,	  significant	  foliage	  blight	  occurred	  only	  after	  a	  
72-­‐h	  infection	  period.	  	  
	  
Relative	  Humidity	  Experiment	  
	  
Like	  in	  the	  previous	  trial	  with	  two	  different	  cultivars,	  zoospores	  of	  P.	  nicotianae	  
caused	  disease	  on	  plants	  of	  P.	  paniculata	  ‘Laura’	  when	  sprayed	  onto	  foliage.	  	  Foliage	  
blight	  only	  occurred	  and	  disease	  severity	  was	  significantly	  greater	  when	  plants	  were	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inoculated	  and	  held	  within	  a	  100%	  RH	  moist	  chamber	  for	  72	  h	  (Table	  2.3).	  	  Plants	  
inoculated	  at	  and	  held	  at	  less	  than	  100%	  RH	  during	  the	  72-­‐h	  infection	  period	  did	  not	  
develop	  a	  significant	  amount	  of	  foliage	  blight.	  	  Only	  2%	  of	  plant	  tissues	  became	  diseased	  




There	  are	  several	  key	  results	  that	  came	  from	  the	  soil	  infestation	  study.	  	  First,	  
isolates	  of	  P.	  nicotianae	  that	  were	  collected	  from	  diseased	  P.	  paniculata	  plants	  in	  a	  
South	  Carolina	  nursery	  were	  pathogenic	  on	  P.	  paniculata	  when	  Koch’s	  postulates	  were	  
followed,	  and	  this	  corroborates	  the	  results	  in	  a	  previous	  study	  (Eisenmann	  2003).	  	  
Results	  from	  this	  experiment	  also	  demonstrated	  that	  there	  are	  differences	  in	  
susceptibility	  among	  cultivars	  of	  P.	  paniculata	  to	  P.	  nicotianae.	  	  Disease	  was	  more	  
severe	  on	  Flame	  Pink	  plants	  than	  on	  Flame	  Purple,	  Flame	  Light	  Pink,	  and	  Flame	  Lilac	  
plants	  over	  the	  6-­‐week	  experimental	  period.	  
The	  soil	  infestation	  study	  also	  suggested	  that	  differences	  exist	  in	  virulence	  
among	  isolates	  of	  P.	  nicotianae	  to	  P.	  paniculata.	  	  There	  were	  subtle	  differences	  in	  
disease	  incidence	  and	  disease	  severity	  on	  four	  cultivars	  of	  P.	  paniculata	  caused	  by	  the	  
three	  isolates	  used	  in	  this	  study—i.e.,	  AUDPC	  and	  incidence	  values	  were	  numerically	  
different	  but	  differences	  were	  not	  statistically	  significant.	  	  This	  suggested	  that	  there	  is	  
diversity	  within	  the	  population	  of	  P.	  nicotianae	  present	  in	  the	  nursery	  and	  that	  there	  are	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differences	  in	  the	  capabilities	  of	  isolates	  of	  P.	  nicotianae	  to	  infect	  P.	  paniculata.	  	  Other	  
studies	  have	  demonstrated	  differences	  in	  virulence	  among	  isolates	  of	  P.	  nicotianae	  and	  
the	  extent	  to	  which	  P.	  nicotianae	  can	  specialize	  on	  a	  host	  (Eisenmann	  2003,	  Erwin	  &	  
Ribeiro	  1996,	  Jeffers	  &	  Meadows	  2011,	  Matheron	  &	  Matejka	  1990).	  
Although	  Koch’s	  postulates	  were	  fulfilled	  in	  this	  study,	  symptoms	  on	  plants	  of	  P.	  
paniculata	  resulting	  from	  soil	  infestation	  with	  P.	  nicotianae	  were	  not	  the	  same	  as	  those	  
on	  plants	  in	  the	  field.	  	  Diseased	  plants	  became	  chlorotic,	  wilted,	  and	  died	  from	  the	  soil	  
surface	  up	  the	  main	  stem.	  	  Leaves	  did	  not	  develop	  discrete	  lesions	  and	  blighting	  that	  are	  
characteristic	  of	  garden	  phlox	  plants	  in	  the	  field	  with	  symptoms	  of	  Phytophthora	  foliage	  
blight.	  	  When	  roots	  were	  inspected,	  they	  were	  not	  obviously	  affected	  by	  P.	  nicotianae;	  
even	  in	  dead	  and	  dying	  plants	  roots	  appeared	  to	  be	  healthy.	  	  However,	  most	  plants	  with	  
evidence	  of	  drastic	  health	  decline	  had	  severely	  diseased	  crowns,	  and,	  in	  several	  
instances,	  crowns	  were	  completely	  rotted.	  	  These	  symptoms	  suggested	  that	  roots	  
probably	  are	  not	  a	  primary	  infection	  court	  for	  P.	  nicotianae	  on	  P.	  paniculata,	  but	  the	  
crown	  might	  be	  under	  certain	  circumstances.	  	  	  
When	  zoospores	  of	  P.	  nicotianae	  were	  applied	  to	  the	  foliage	  on	  plants	  of	  two	  
cultivars	  of	  P.	  paniculata,	  plants	  of	  both	  cultivars	  developed	  foliage	  blight	  after	  2	  weeks.	  	  
However,	  plants	  were	  not	  consistently	  infected	  by	  P.	  nicotianae,	  and	  successful	  
infection	  was	  influenced	  by	  duration	  of	  the	  infection	  period;	  72	  h	  within	  a	  100%	  RH	  
moist	  chamber	  was	  sufficient	  to	  consistently	  establish	  disease	  on	  P.	  paniculata	  ‘Peacock	  
Cherry	  Red’	  and	  ‘Flame	  Purple,’	  but	  a	  24-­‐h	  infection	  period	  was	  not	  sufficient	  to	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consistently	  promote	  disease	  on	  these	  two	  cultivars.	  	  The	  longer	  infection	  period	  
apparently	  provided	  the	  pathogen	  with	  a	  conducive	  environment	  for	  enough	  time	  to	  
establish	  infection	  within	  this	  host.	  	  
Therefore,	  inoculation	  by	  a	  zoospore	  suspension	  spray	  was	  very	  effective	  in	  
reproducing	  symptoms	  of	  Phytophthora	  foliage	  blight	  on	  garden	  phlox.	  	  Discrete	  lesions	  
were	  observed	  following	  the	  infection	  periods.	  	  Many	  of	  these	  lesions	  progressed	  into	  
petiole	  and	  upper	  stem	  tissues,	  resulting	  in	  a	  blighting	  of	  the	  succulent	  tissues—similar	  
to	  what	  is	  seen	  in	  the	  nursery.	  	  Moreover,	  symptoms	  were	  not	  evident	  on	  lower,	  woody	  
stems;	  the	  pathogen	  seems	  to	  be	  unable	  to	  colonize	  the	  more	  robust	  stems	  of	  garden	  
phlox,	  despite	  infecting	  leaves	  that	  are	  attached	  to	  these	  organs.	  	  	  
	   In	  a	  separate	  experiment,	  zoospores	  of	  P.	  nicotianae	  were	  sprayed	  onto	  foliage	  
of	  plants	  of	  P.	  paniculata	  ‘Laura’	  under	  conditions	  that	  differed	  in	  relative	  humidity.	  	  
Once	  again,	  this	  type	  of	  inoculation	  method	  resulted	  in	  disease	  on	  P.	  paniculata	  and	  also	  
reproduced	  the	  symptoms	  of	  foliage	  blight	  that	  were	  seen	  in	  the	  nursery.	  	  However,	  
manipulation	  of	  RH	  levels	  during	  the	  72-­‐h	  infection	  period	  or	  2-­‐week	  post-­‐infection	  
period	  showed	  that	  certain	  environmental	  conditions	  must	  be	  met	  or	  maintained	  for	  P.	  
nicotianae	  to	  infect	  P.	  paniculata.	  In	  addition	  to	  RH,	  other	  abiotic	  factors	  (e.g.,	  fertilizers,	  
salts,	  etc.)	  may	  influence	  the	  development	  of	  Phytophthora	  foliage	  blight	  on	  garden	  
phlox	  in	  the	  nursery.	  Consequently,	  for	  foliage	  blight	  to	  occur	  in	  the	  nursery,	  it	  appears	  
that	  propagules	  of	  P.	  nicotianae	  need	  to	  be	  delivered	  to	  the	  foliage	  by	  some	  means—
e.g.,	  splashed	  from	  infested	  soil	  or	  delivered	  by	  overhead	  irrigation	  in	  contaminated	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water.	  	  Based	  on	  our	  results	  with	  infested	  soil,	  it	  does	  not	  appear	  that	  inoculum	  is	  being	  
splashed	  from	  soil	  because	  overhead	  watering	  was	  used	  on	  plants	  in	  the	  greenhouse	  
but	  plants	  did	  not	  develop	  foliage	  blight	  symptoms.	  
	   A	  RH	  of	  100%	  throughout	  the	  72-­‐h	  infection	  period	  was	  shown	  to	  have	  a	  
significantly	  greater	  affect	  on	  disease	  severity	  on	  plants	  than	  infection	  periods	  with	  
lower	  RH.	  	  While	  the	  difference	  between	  a	  sustained	  100%-­‐RH	  infection	  period	  and	  a	  
sustained	  54%-­‐RH	  may	  seem	  obvious	  and	  intuitive,	  the	  difference	  between	  the	  100%-­‐RH	  
infection	  period	  and	  87%-­‐RH	  infection	  period	  is	  more	  enigmatic.	  	  Cyclical	  change	  in	  RH	  
levels	  may	  contribute	  to	  the	  statistically	  insignificant	  results	  seen	  on	  plants	  exposed	  to	  
the	  87%	  RH	  infection	  period;	  while	  plants	  were	  maintained	  within	  a	  large	  humidity	  
chamber	  for	  72	  h,	  fluctuations	  in	  temperature	  due	  to	  lights	  going	  on	  and	  off	  caused	  
some	  associated	  cyclical	  changes	  in	  RH	  levels.	  	  	  
	   High	  RH	  levels	  were	  critical	  during	  the	  infection	  period,	  but	  RH	  levels	  in	  the	  
subsequent	  growth	  period	  were	  inconsequential	  to	  the	  progression	  of	  Phytophthora	  
foliage	  blight	  on	  garden	  phlox.	  	  These	  results	  were	  unexpected,	  as	  moisture	  and	  
humidity	  levels	  are	  an	  essential	  part	  of	  the	  concepts	  of	  the	  disease	  triangle.	  	  Disease	  
progress	  may	  have	  been	  arrested	  as	  zoospores	  died	  or	  hyphae	  desiccated	  upon	  
removing	  plants	  from	  the	  100%-­‐RH	  infection	  period	  conditions.	  
	   Spraying	  zoospores	  onto	  the	  foliage	  was	  an	  effective	  inoculation	  method	  at	  
reproducing	  symptoms	  observed	  in	  the	  field.	  	  However,	  the	  absence	  of	  significant	  
disease	  progress	  on	  plants	  of	  P.	  paniculata	  inoculated	  with	  P.	  nicotianae	  indicates	  that	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other,	  unknown	  factors	  may	  play	  a	  role	  in	  Phytophthora	  foliage	  blight	  on	  garden	  phlox	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Table	  2.1.	  	  Disease	  incidence	  on	  and	  area	  under	  disease	  progress	  curves	  (AUDPC)	  for	  
four	  cultivars	  of	  Phlox	  paniculata	  maintained	  in	  a	  greenhouse	  for	  6	  weeks	  after	  
container	  mixes	  were	  infested	  with	  three	  isolates	  of	  Phytophthora	  nicotianae	  or	  not	  
infested	  (control).	  
	  
Factor	   Level	   Incidence	  (%)z	   	   AUDPCy	  
Isolate	   Control	   7.3	   	  	  bx	   	   	  	  1.0	   	  	  bx	  
	   Flpk	   31.3	  	   ab	   	   17.9	   ab	  
	   Fpur	   49.0	  	   a	   	   24.9	   a	  
	   Flil	   54.2	  	   a	   	   31.9	   a	  
	  
	  
LSD	  (P=0.10)	   28.7	  	   	   	   17.7	   	  
Cultivar	   Flame	  Light	  Pink	   22.9	  	   	   	   11.4	   	  	  b	  
	   Flame	  Pink	   72.9	  	   	   	   43.9	   a	  
	   Flame	  Purple	   14.6	  	   	   	   	  	  7.7	   	  	  b	  
	   Flame	  White	  Eye	   28.8	  	   	   	   12.8	   	  	  b	  
	   LSD	  (P=0.10)	   	  	  	  	  ns	   	   	   21.8	   	  
	  
2-­‐way	  ANOVAw	   	   df	   P	  >	  F	   	   df	   P	  >	  F	  
Isolate	   	   3	   0.088	   	   3	   0.084	  
Cultivar	   	   3	   0.121	   	   3	   0.079	  
Isolate×Cultivar	   	   9	   0.211	   	   9	   0.320	  
	  
z	  	  Mean	  percentage	  of	  plants	  (n=12)	  in	  two	  trials	  that	  exhibited	  symptoms	  over	  the	  6-­‐
week	  period.	  
y	  	  AUDPC	  values	  were	  determined	  by	  the	  product	  of	  disease	  severity	  ratings	  and	  elapsed	  
time	  over	  the	  6-­‐week	  experimental	  period.	  	  Disease	  severity	  was	  evaluated	  on	  a	  scale	  
of	  0-­‐4	  based	  on	  percentage	  of	  aboveground	  plant	  tissues	  with	  symptoms:	  0=0-­‐10%,	  
1=11-­‐40%,	  2=41-­‐60%,	  3=61-­‐90%,	  and	  4=91-­‐100%.	  	  	  
x	  	  Means	  within	  a	  column	  for	  each	  level	  of	  a	  factor	  that	  have	  a	  letter	  in	  common	  are	  not	  
significantly	  different	  based	  on	  Fisher’s	  protected	  least	  significant	  difference	  (LSD)	  
with	  α=0.10;	  ns	  =	  not	  significant.	  
w	  	  Two-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  main	  effects	  of	  isolate	  and	  cultivar;	  df	  =	  
degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  of	  a	  greater	  F	  value	  occurring.	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Table	  2.2.	  	  Percentages	  of	  plants	  of	  two	  cultivars	  of	  Phlox	  paniculata	  that	  exhibited	  
symptoms	  of	  Phytophthora	  foliage	  blight	  over	  5	  weeks	  in	  a	  greenhouse	  without	  
inoculation	  or	  following	  inoculation	  of	  foliage	  with	  zoospores	  of	  Phytophthora	  
nicotianae	  and	  subsequent	  infection	  periods	  of	  two	  durations.	  
	  
	   	   	   Disease	  incidencez	  (%)	  
Treatmenty	   	   Trial	  1	   	   Trial	  2	  
Inoculum	   Infection	  
Period	  (h)	  
	   Peacock	  	  
Cherry	  Red	   	  
Flame	  	  
Purple	   	  
Peacock	  	  
Cherry	  Red	   	  
Flame	  	  
Purple	  
–	   72	   	  0.0	  	  	  b	   	   0.0	  	  	  b	   	   0.0	   	   0.0	  	  	  b	  
+	   24	   	  33.3	  	  a	   	   0.0	  	  	  b	   	   0.0	   	   33.3	  	  a	  
+	   72	   	  40.0	  	  a	   	   60.0	  	  a	   	   13.3	   	   33.3	  	  a	  
LSD	  (P=0.10)	   	  18.1	   	   9.7	   	   ns	   	   0.0	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  1-­‐way	  ANOVAw	   	   	   df	   P	  >	  F	   	   df	   P	  >	  F	   	   df	   P	  >	  F	   	   df	   P	  >	  F	  
Treatment	   	   	   2	   0.004	   	   2	   <0.0001	   	   2	   0.397	   	   2	   <0.0001	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	  3-­‐way	  ANOVAx	   	   	   df	   P	  >	  F	   	   	   	   	   	   	   	   	   	  
Treatment	   	   	   2	   <0.0001	   	   	   	   	   	   	   	   	   	  
Cultivar	   	   	   1	   0.0450	   	   	   	   	   	   	   	   	   	  
Trial	   	   	   1	   0.0085	   	   	   	   	   	   	   	   	   	  
Treatment×Cultivar	   	   	   2	   0.0202	   	   	   	   	   	   	   	   	   	  
Trial×Treatment	   	   	   2	   0.0014	   	   	   	   	   	   	   	   	   	  
Trial×Cultivar	   	   	   1	   0.0012	   	   	   	   	   	   	   	   	   	  
Trial×Treatment×Cultivar	   	   	   2	   <0.0001	   	   	   	   	   	   	   	   	   	  
	  
z	   Mean	  percentage	  of	  plants	  of	  each	  cultivar	  in	  each	  of	  two	  trials	  (n=3)	  that	  exhibited	  
symptoms	  over	  the	  5-­‐week	  period.	  	  Means	  within	  a	  column	  for	  each	  level	  of	  a	  factor	  
that	  have	  a	  letter	  in	  common	  are	  not	  significantly	  different	  based	  on	  Fisher’s	  
protected	  least	  significant	  difference	  (LSD)	  with	  α=0.10;	  ns	  =	  not	  significant.	  
y	   Treatments	  consisted	  of	  plants	  that	  were	  sprayed	  with	  distilled	  water	  (–	  inoculum)	  or	  
sprayed	  with	  a	  zoospore	  suspension	  of	  P.	  nicotianae	  isolate	  Fpur	  (3×104	  zoospores/ml)	  
(+	  inoculum)	  followed	  by	  an	  infection	  period	  of	  24	  or	  72	  h	  during	  which	  plants	  were	  
held	  in	  a	  moist	  chamber	  at	  100%	  relative	  humidity.	  
x	   Three-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  main	  effects	  of	  treatment,	  cultivar,	  
and	  trial	  (n=12);	  df	  =	  degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  of	  a	  greater	  F	  value	  
occurring.	  
w	  One-­‐way	  ANOVA	  for	  the	  simple	  effect	  of	  treatment	  on	  each	  cultivar	  within	  a	  trial	  
(n=6).	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Table	  2.3.	  	  Effect	  of	  relative	  humidity	  (RH)	  on	  infection	  and	  subsequent	  development	  of	  
Phytophthora	  foliage	  blight	  on	  Phlox	  paniculata	  ‘Laura’	  at	  14	  days	  after	  inoculation	  (DAI)	  
with	  an	  isolate	  of	  Phytophthora	  nicotianae.	  
	  
Treatment	   	   	  
Disease	  severityz	  72-­‐h	  infection	  periody	   	   Post-­‐infection	  RHx	   	  
Inoculum	   RH	  (%)	   	   	   %	   Trans	  
+	   100	   ú 	  High	   	   41.9	   5.24	  a	  
+	   100	   ú 	  Ambient	   	   40.3	   4.86	  a	  
+	   87	   ú 	  High	   	   2.2	   0.60	  	  	  b	  
+	   54	   ú 	  Ambient	   	   0.0	   0.00	  	  	  b	  
–	   87	   ú 	  High	   	   0.0	   0.00	  	  	  b	  
–	   54	   ú 	  Ambient	   	   0.0	   0.00	  	  	  b	  
	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  LSD	  (P=0.10)	   	   	   2.58	  
	   ú 	   ú 	  ú 	  	   	   	  
2-­‐way	  ANOVAw	   	   df	   P	  >	  F	  
DAIv	   	   1	   0.3861	  
Treatment	   	   5	   0.0047	  
DAI×Treatment	   	   5	   0.9124	  
	  
z	  	  Disease	  severity	  was	  evaluated	  on	  a	  scale	  of	  0-­‐5	  based	  on	  the	  percentage	  of	  foliage	  
with	  symptoms:	  0=0%;	  1=1-­‐25%;	  2=26-­‐50%;	  3=51-­‐75%;	  4=75-­‐99%;	  5=100%.	  	  Data	  are	  
from	  two	  trials	  (n=6)	  and	  means	  were	  calculated	  using	  the	  median	  for	  each	  range.	  	  
Data	  analysis	  was	  conducted	  using	  a	  square	  root	  transformation	  (Trans)	  of	  the	  median	  
values.	  	  Means	  that	  have	  a	  letter	  in	  common	  are	  not	  significantly	  different	  based	  on	  
Fisher’s	  protected	  least	  significant	  difference	  (LSD)	  with	  α=0.10.	  
y	  	  Plants	  were	  sprayed	  with	  distilled	  water	  (–	  inoculum)	  or	  with	  a	  suspension	  of	  3×104	  
zoospores×ml-­‐1	  (+	  inoculum).	  	  Plants	  then	  were	  placed	  in	  a	  growth	  chamber	  with	  low	  
ambient	  RH	  (54.0	  ±	  0.1%),	  medium	  RH	  (87.0	  ±	  14.0%)	  or	  high	  (100%)	  RH	  for	  72	  h.	  
x	   After	  the	  infection	  period,	  plants	  were	  maintained	  in	  a	  growth	  room	  at	  ambient	  (54.0	  
±	  0.1%)	  or	  high	  (88.4	  ±	  13.4%)	  RH	  for	  11	  days.	  	  All	  other	  environmental	  parameters	  
(i.e.,	  photoperiod,	  light	  intensity,	  temperature,	  etc.)	  were	  similar	  for	  the	  two	  growing	  
conditions.	  
w	   Two-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  main	  effects	  of	  treatment	  and	  DAI;	  df	  =	  
degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  of	  a	  greater	  F	  value	  occurring.	  
v	   Plants	  were	  evaluated	  at	  7	  and	  14	  DAI,	  but	  treatments	  were	  not	  significantly	  different	  
at	  7	  DAI;	  therefore,	  only	  results	  at	  14	  DAI	  are	  shown.	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Figure	  2.1.	  	  Relative	  humidity	  (RH)	  chamber	  built	  in	  a	  growth	  room.	  	  The	  1.2-­‐m	  ×	  1.2-­‐m	  ×	  
2.4-­‐m,	  5-­‐mm-­‐diameter	  PVC	  frame	  was	  covered	  with	  1-­‐mm	  clear	  plastic	  sheeting,	  and	  an	  
ultrasonic	  humidifier,	  intake	  fan,	  and	  vents	  through	  the	  top	  of	  the	  structure	  controlled	  
RH,	  air	  circulation,	  and	  temperature,	  respectively.	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Figure	  2.2.	  	  Areas	  under	  disease	  progress	  curves	  (AUDPC)	  over	  6	  weeks	  after	  the	  
container	  mix	  in	  which	  plants	  of	  four	  cultivars	  of	  Phlox	  paniculata	  were	  growing	  was	  not	  
infested	  (control)	  or	  was	  infested	  with	  three	  isolates	  of	  Phytophthora	  nicotianae.	  	  Error	  
bars	  are	  standard	  errors.	  


















Figure	  2.3.	  	  Phlox	  paniculata	  plants	  died	  from	  the	  soil	  line	  up	  the	  main	  stem	  in	  response	  
to	  infesting	  container	  mix	  with	  Phytophthora	  nicotianae.	  	  Although	  aboveground	  parts	  
of	  plants	  were	  severely	  affected,	  roots	  on	  some	  plants	  remained	  healthy	  enough	  to	  
produce	  new	  succulent	  growth	  at	  the	  base	  of	  the	  plant.	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Figure	  2.4.	  	  Infesting	  container	  mix	  with	  Phytophthora	  nicotianae	  often	  resulted	  in	  
crown	  rot	  on	  plants	  of	  Phlox	  paniculata	  –	  a	  symptom	  that	  was	  not	  observed	  in	  the	  
nursery.	  	  Despite	  the	  diseased	  crown,	  the	  roots	  remained	  white	  and	  healthy.	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Figure	  2.5.	  	  Infesting	  container	  mix	  with	  Phytophthora	  nicotianae	  occasionally	  resulted	  
in	  hyphae	  on	  the	  soil	  surface	  and	  growing	  up	  the	  main	  stem	  of	  plants	  of	  Phlox	  
paniculata	  in	  addition	  to	  crown	  infection	  below	  ground.	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Figure	  2.6.	  	  Disease	  progress	  over	  6	  weeks	  after	  the	  container	  mix	  in	  which	  plants	  of	  
four	  cultivars	  of	  Phlox	  paniculata	  were	  growing	  was	  not	  infested	  (control)	  or	  was	  


























































	  	  	  	  	  	  	  	  	  	  Control	  
	  	  	  	  	  	  	  	  	  	  Flil	  
	  	  	  	  	  	  	  	  	  	  Flpk	  
	  	  	  	  	  	  	  	  	  	  Fpur	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Figure	  2.7.	  	  Blighting	  of	  flower	  buds	  and	  succulent	  new	  growth	  often	  occurred	  on	  shoots	  
of	  Phlox	  paniculata	  plants	  after	  inoculation	  with	  a	  zoospore	  suspension	  of	  Phytophthora	  
nicotianae.	  	  Lesions	  tended	  to	  progress	  down	  the	  stem	  from	  the	  initial	  point	  of	  infection	  
but	  stopped	  at	  the	  next	  major	  node.	  
	  55	  
	  
Figure	  2.8.	  	  Blighting	  often	  occurred	  on	  foliage	  of	  Phlox	  paniculata	  plants	  after	  
inoculation	  with	  a	  zoospore	  suspension	  of	  Phytophthora	  nicotianae	  and	  subsequent	  
maintenance	  in	  a	  warm,	  humid	  greenhouse.	  	  As	  the	  pathogen	  spread	  into	  proximal	  
nodes,	  leaves	  became	  chlorotic	  and	  wilted.	  	  Leaf	  petioles	  were	  first	  to	  display	  symptoms	  
of	  water	  soaking	  and	  discoloration	  as	  disease	  progressed.
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Figure	  2.9.	  	  Phytophthora	  nicotianae	  often	  progressed	  down	  the	  main	  stem	  of	  Phlox	  
paniculata	  plants	  from	  primary	  infection	  sites	  on	  distal	  parts	  of	  shoots	  and	  was	  arrested	  
at	  nodes.	  	  Healthy,	  new	  succulent	  shoots	  grew	  from	  these	  nodes	  and	  from	  those	  below	  
the	  disease	  margin.	  	  As	  the	  experimental	  period	  progressed,	  new	  succulent	  shoots	  that	  
grew	  on	  diseased	  plants	  did	  not	  become	  infected	  by	  P.	  nicotianae.
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Figure	  2.10.	  	  Flowers,	  flower	  buds,	  and	  developing	  succulent	  foliage	  on	  plants	  of	  Phlox	  
paniculata	  were	  most	  often	  the	  first	  organs	  to	  become	  infected	  after	  inoculation	  with	  
zoospores	  of	  Phytophthora	  nicotianae.	  	  Under	  warm	  and	  moist	  conditions,	  aerial	  hyphae	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Garden	  phlox,	  Phlox	  paniculata,	  is	  host	  to	  a	  number	  of	  diseases	  and	  pests.	  	  
Powdery	  mildew	  is	  the	  most	  common	  disease,	  and	  it	  quickly	  can	  become	  a	  serious	  
problem	  on	  this	  host	  in	  the	  nursery	  and	  in	  the	  landscape	  (Rice	  2006,	  Still	  1988).	  	  Black	  
root	  rot,	  caused	  by	  Thielaviopsis	  basicola,	  also	  can	  become	  a	  serious	  problem	  in	  
greenhouse	  and	  nursery	  production,	  but	  it	  is	  less	  common	  on	  P.	  paniculata	  in	  the	  
landscape	  (Gleason	  et	  al.	  2009,	  Walker	  2008,	  Williamson	  2012;	  R.	  Coronado,	  personal	  
communication;	  T.	  Watson,	  personal	  communication).	  	  Other	  common	  diseases	  of	  P.	  
paniculata	  include	  Septoria	  and	  Pseudomonas	  leaf	  spots	  and	  rusts	  (Gill	  et	  al.	  2006,	  Still	  
1980,	  Strider	  1985,	  Symons-­‐Jeune	  1953).	  	  Common	  pests	  include	  mites,	  thrips,	  slugs	  and	  
snails,	  millipedes,	  nematodes,	  and	  deer	  (Armitage	  2008,	  Craigmyle	  2002,	  Rice	  2006,	  Still	  
1988,	  Symons-­‐Jeune	  1953,	  Thomas	  1982,	  Wilson	  1953).	  
In	  addition	  to	  the	  diseases	  and	  pests	  that	  plague	  garden	  phlox,	  the	  aesthetic	  
qualities	  of	  P.	  paniculata	  often	  are	  compromised	  under	  certain	  growing	  conditions.	  	  Still	  
(1988)	  says	  that	  garden	  phlox	  “needs	  abundant	  fertilizer	  and	  water	  for	  optimum	  growth	  
and	  flowering	  during	  the	  summer.”	  	  Based	  on	  observations	  of	  greenhouse-­‐grown	  P.	  
paniculata	  plants,	  infrequent	  fertilizing	  causes	  stems	  to	  remain	  slender	  and	  brittle,	  
unlike	  the	  thick,	  woody	  stems	  of	  those	  that	  were	  observed	  in	  a	  commercial	  nursery.	  	  
These	  weaker	  stems	  can	  collapse	  under	  the	  weight	  of	  dense	  blooms,	  often	  causing	  the	  
stem	  to	  splinter	  at	  the	  base	  of	  the	  plant.	  	  Additionally,	  flower	  color	  often	  fades	  in	  direct	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sunlight	  (Wilson	  1953);	  however,	  there	  are	  many	  cultivars	  and	  selections	  of	  P.	  
paniculata	  available	  to	  the	  home	  gardener	  that	  have	  been	  bred	  to	  overcome	  many	  of	  
problems	  associated	  with	  garden	  phlox.	  	  Cultivars	  of	  P.	  paniculata	  within	  the	  Flame	  
series	  have	  been	  developed	  as	  compact,	  dwarf,	  and	  disease	  resistant	  alternatives	  to	  
traditional	  lanky	  garden	  phlox	  cultivars;	  cultivars	  in	  the	  Flame	  series	  only	  reach	  35	  to	  50	  
cm	  in	  height	  (Pilon	  2006,	  Skagit	  Gardens	  2013).	  	  Cultivars	  within	  the	  Peacock	  series	  have	  
been	  bred	  for	  similar	  characteristics	  (Armitage	  2011).	  	  Recently,	  the	  Volcano	  series	  was	  
introduced	  as	  having	  compact,	  strong,	  and	  sturdy	  plants	  with	  exceptional	  tolerance	  of	  
powdery	  mildew	  (Monrovia	  2013).	  	  This	  series	  of	  garden	  phlox	  plants	  were	  bred	  to	  
bloom	  prolifically	  yet	  remain	  under	  50	  cm	  in	  height	  (Monrovia	  2013).	  
Phytophthora	  foliage	  blight	  of	  garden	  phlox	  is	  a	  disease	  that	  has	  not	  been	  
recognized	  in	  the	  literature	  (Gleason	  et	  al.	  2009),	  so	  little	  is	  known	  about	  it.	  In	  a	  
previous	  study,	  manipulation	  of	  this	  pathosystem	  suggested	  that	  cultivars	  of	  P.	  
paniculata	  differ	  in	  susceptibility	  to	  P.	  nicotianae	  (Chapter	  2).	  	  Differences	  in	  
susceptibility	  to	  P.	  nicotianae	  among	  cultivars	  of	  other	  host	  plant	  species	  have	  been	  
reported	  (Jeffers	  &	  Meadows	  2011,	  McCorkle	  et	  al.	  2013).	  	  Cultivar	  susceptibiility	  to	  
species	  of	  Phytophthora	  that	  have	  foliage	  as	  the	  primary	  infection	  court	  has	  been	  
evaluated	  using	  whole	  plants	  and	  detached	  leaves.	  	  Detached	  leaf	  assays	  are	  simple,	  
require	  inexpensive	  and	  readily	  available	  equipment,	  and	  are	  easily	  repeatable	  under	  
standardized	  laboratory	  conditions;	  the	  effectiveness	  of	  this	  type	  of	  assay	  has	  been	  
documented	  by	  others	  (Goth	  &	  Keane	  1997,	  Gusmini	  et	  al.	  2002,	  Tedford	  et	  al.	  1990).	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However,	  while	  such	  assays	  are	  relatively	  quick	  and	  efficient,	  results	  may	  not	  accurately	  
predict	  actual	  susceptibilty	  of	  plants	  in	  the	  field	  because	  in	  vitro	  assays	  eliminate	  some	  
components	  of	  the	  disease	  relationship	  as	  it	  exists	  in	  the	  field.	  
Therefore,	  another	  approach	  to	  the	  assessment	  of	  cultivar	  susceptibility	  is	  to	  use	  
whole	  plants.	  	  Whole	  plants	  can	  be	  inoculated	  and	  maintained	  under	  envrionmental	  
conditions	  that	  are	  favorable	  to	  the	  development	  of	  disease	  (e.g.,	  conditions	  of	  
specifictemeprature	  and	  relative	  humidity	  [RH]).	  	  Previous	  studies	  have	  shown	  the	  role	  
of	  RH	  in	  the	  development	  of	  Phytophthora	  foliage	  blight	  on	  garden	  phlox	  and	  other	  
plants	  (Chapter	  2,	  Chaudhary	  &	  Banyal	  2013,	  Harrison	  &	  Lowe	  1989).	  	  While	  inoculation	  
of	  whole	  plants	  takes	  more	  time,	  space,	  and	  labor	  than	  inoculation	  of	  detached	  leaves,	  
results	  from	  a	  whole	  plant	  assay	  may	  more	  likely	  assess	  the	  true	  susceptibility	  of	  
cultivars	  to	  infection	  by	  P.	  nicotianae	  under	  field	  conditions.	  
Therefore,	  the	  objectives	  of	  this	  study	  were	  to	  determine	  if	  cultivars	  of	  P.	  
paniculata	  vary	  in	  resistance	  to	  an	  isolate	  of	  P.	  nicotianae	  recovered	  from	  a	  garden	  
phlox	  plant	  with	  foliage	  blight	  and	  to	  determine	  if	  both	  detached	  leaves	  and	  whole	  
plants	  can	  be	  used	  to	  assess	  differences	  in	  cultivar	  susceptibility.	  	  A	  preliminary	  report	  










Phlox	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  were	  obtained	  from	  local	  
production	  nurseries,	  and	  as	  many	  different	  cultivars	  as	  possible	  were	  used.	  	  Plants	  
were	  transplanted	  into	  1-­‐liter	  pots	  that	  contained	  a	  peat-­‐	  and	  bark-­‐based	  container	  mix	  
(Fafard	  3B	  Mix:	  Sun	  Gro	  Horticulture,	  Agawam,	  MA),	  and	  then	  plants	  were	  watered	  daily	  
and	  fertilized	  weekly	  with	  Peters	  Professional	  20-­‐10-­‐20	  Peat-­‐Lite	  Special	  water-­‐soluble	  
fertilizer	  (Everris	  NA,	  Inc.,	  The	  Netherlands)	  at	  a	  rate	  of	  13.75	  ppm.	  	  	  In	  all,	  15	  cultivars	  of	  
P.	  paniculata	  were	  used	  in	  this	  experiment:	  	  three	  in	  the	  Flame	  series,	  three	  in	  the	  
Peacock	  series,	  five	  in	  the	  Volcano	  series,	  and	  four	  others	  (Table	  3.1).	  
Inoculation,	  observation,	  and	  harvest.	  	  A	  suspension	  of	  3×104	  zoospores	  ml-­‐1	  of	  
P.	  nicotianae	  isolate	  Flpk	  was	  prepared	  following	  the	  procedures	  described	  in	  Chapter	  2	  
and	  was	  used	  as	  inoculum.	  	  Twenty	  healthy,	  succulent	  leaves	  that	  were	  selected	  
arbitrarily	  were	  excised	  from	  plants	  of	  each	  of	  the	  15	  cultivars	  of	  P.	  paniculata.	  	  Using	  a	  
sterile	  dissecting	  needle,	  ten	  leaves	  of	  each	  cultivar	  were	  wounded	  by	  stabbing	  a	  single	  
hole	  (~1	  mm	  in	  diameter)	  through	  the	  leaf	  on	  each	  side	  of	  the	  midvein.	  	  The	  remaining	  
ten	  leaves	  of	  each	  cultivar	  were	  not	  wounded.	  	  Five	  wounded	  and	  five	  non-­‐wounded	  
leaves	  of	  the	  same	  cultivar	  were	  placed	  onto	  a	  wire	  mesh	  rack	  within	  a	  plastic	  crisper	  
box	  (30	  cm	  long,	  12	  cm	  wide,	  and	  6	  cm	  deep)	  in	  which	  approximately	  200	  ml	  of	  distilled	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water	  was	  added	  to	  maintain	  near	  100%	  RH	  (Figure	  3.1).	  	  A	  similar	  moist	  chamber	  was	  
prepared	  for	  the	  remaining	  five	  wounded	  and	  five	  non-­‐wounded	  leaves	  of	  the	  same	  
cultivar.	  	  In	  total,	  two	  moist	  chambers	  containing	  10	  leaves	  each	  were	  prepared	  for	  each	  
of	  the	  15	  cultivars	  of	  P.	  paniculata	  (i.e.,	  30	  moist	  chambers	  in	  all).	  
For	  each	  cultivar,	  all	  10	  leaves	  in	  one	  of	  the	  moist	  chambers	  were	  misted	  with	  
distilled	  water	  until	  beads	  of	  water	  formed	  on	  their	  surfaces.	  	  Leaves	  in	  the	  other	  
chamber	  were	  misted	  in	  a	  similar	  manner	  with	  the	  zoospore	  suspension.	  	  Lids	  were	  
placed	  on	  the	  moist	  chambers,	  and	  the	  chambers	  were	  sealed	  in	  plastic	  bags.	  	  All	  moist	  
chambers	  were	  held	  at	  25°C	  in	  the	  dark	  for	  3	  days.	  
To	  verify	  the	  viability	  of	  the	  zoospore	  inoculum,	  the	  zoospore	  suspension	  was	  
misted	  onto	  one	  plate	  of	  PARPH-­‐V8	  selective	  medium	  (Ferguson	  &	  Jeffers	  1999)	  during	  
the	  inoculation	  process,	  and	  the	  plates	  were	  observed	  following	  a	  24-­‐h	  period	  at	  25°C	  in	  
the	  dark.	  	  Inoculum	  was	  considered	  viable	  if	  colonies	  of	  P.	  nicotianae	  were	  seen	  after	  24	  
h.	  
	   Each	  group	  of	  five	  leaves	  for	  each	  cultivar	  were	  blotted	  dry	  and	  photographed,	  
and	  each	  leaf	  was	  evaluated	  for	  disease	  severity	  using	  a	  0	  to	  5	  scale	  based	  on	  
percentage	  of	  the	  leaf	  area	  that	  exhibited	  symptoms	  of	  water-­‐soaking	  to	  necrosis:	  	  
0=0%,	  1=1-­‐25%,	  2=26-­‐50%,	  3=51-­‐75%,	  4=76-­‐99%,	  5=100%.	  	  Small	  pieces	  (approximately	  
5	  mm2)	  of	  leaf	  tissue	  from	  lesion	  margins	  were	  excised	  and	  placed	  onto	  PARPH-­‐V8	  
medium	  in	  100-­‐mm-­‐diameter	  petri	  dishes	  to	  confirm	  the	  presence	  of	  P.	  nicotianae.	  	  
Plates	  were	  held	  at	  25°C	  in	  the	  dark	  for	  1	  to	  3	  days.	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Experimental	  design.	  	  The	  detached-­‐leaf	  assay	  was	  conducted	  in	  a	  complete	  
factorial	  design	  to	  assess	  the	  effects	  of	  wounding	  (+/–)	  and	  inoculum	  (+/–)	  on	  15	  





P.	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  were	  obtained	  from	  a	  local	  
production	  nursery.	  	  As	  many	  as	  possible	  of	  the	  cultivars	  that	  were	  used	  in	  the	  detached	  
leaf	  assay	  were	  obtained	  for	  this	  experiment.	  	  However,	  this	  experiment	  was	  conducted	  
during	  a	  new	  growing	  season,	  so	  the	  cultivars	  being	  grown	  at	  the	  nursery	  were	  different	  
from	  those	  grown	  the	  previous	  year.	  	  Plants	  were	  transplanted	  into	  1-­‐liter	  pots	  
containing	  Fafard	  3B	  Mix	  and	  then	  were	  grown	  as	  in	  the	  previous	  experiment.	  	  Thirteen	  
cultivars	  of	  P.	  paniculata	  were	  used	  in	  this	  study:	  	  nine	  from	  the	  Flame	  series,	  two	  from	  
the	  Peacock	  series,	  and	  two	  others	  (Table	  3.2).	  
Inoculation,	  observation,	  and	  harvest.	  	  A	  suspension	  of	  3×104	  zoospores	  ml-­‐1	  of	  
P.	  nicotianae	  isolate	  Flpk	  was	  prepared	  following	  the	  procedures	  described	  previously	  
and	  was	  used	  as	  inoculum.	  	  Ten	  replicate	  plants	  of	  each	  cultivar	  were	  used;	  for	  each	  
cultivar,	  five	  plants	  were	  wounded	  and	  five	  plants	  were	  not	  wounded.	  	  Five	  leaves	  on	  
each	  plant	  (wounded	  or	  not	  wounded)	  were	  marked	  with	  a	  permanent	  marker	  (Figure	  
3.2)	  to	  ensure	  that	  the	  same	  five	  leaves	  always	  were	  evaluated.	  	  For	  wounded	  plants,	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the	  five	  marked	  leaves	  were	  pierced	  with	  a	  disinfested	  dissecting	  needle	  on	  one	  side	  of	  
the	  leaf	  midvein.	  	  The	  five	  leaves	  on	  non-­‐wounded	  plants	  were	  not	  pierced.	  	  
	   Groups	  of	  five	  replicate	  plants	  of	  each	  cultivar	  were	  placed	  within	  one	  of	  two	  
sets	  of	  high-­‐walled	  plastic	  tubs,	  and	  approximately	  1	  liter	  of	  water	  was	  added	  to	  the	  
bottom	  of	  each	  tub	  to	  achieve	  near	  100%	  RH	  throughout	  the	  72-­‐h	  infection	  period.	  	  The	  
five	  wounded	  and	  five	  non-­‐wounded	  plants	  of	  each	  cultivar	  were	  sprayed	  with	  the	  
zoospore	  suspension	  until	  beads	  of	  water	  formed	  on	  leaf	  surfaces.	  	  Non-­‐inoculated	  
control	  plants	  were	  not	  used	  because	  results	  from	  previous	  experiments	  conclusively	  
showed	  there	  was	  no	  disease	  in	  the	  absence	  of	  inoculum	  (Chapter	  2).	  	  Tubs	  were	  
covered	  and	  sealed,	  and	  then	  held	  at	  ambient	  growth	  room	  temperature	  (74±0.1°C)	  for	  
3	  days.	  
	   Plants	  were	  removed	  from	  tubs	  after	  the	  72-­‐h	  infection	  period.	  	  Each	  plant	  was	  
rated	  for	  disease	  severity	  using	  the	  same	  0	  to	  5	  scale	  used	  previously,	  which	  was	  based	  
on	  percentage	  of	  foliage	  with	  symptoms.	  	  Plants	  were	  given	  an	  overall	  disease	  rating	  
and	  then	  each	  marked	  leaf	  was	  rated	  individually.	  	  Following	  this	  evaluation	  after	  the	  
infection	  period,	  all	  plants	  were	  placed	  in	  a	  high-­‐RH	  growth	  chamber	  (26±3.4°C,	  
88±13.4%	  RH,	  14-­‐h	  photoperiod)	  for	  an	  additional	  4	  days	  and	  then	  evaluated	  again.	  
Experimental	  design.	  	  The	  whole-­‐plant	  assay	  was	  conducted	  in	  a	  split-­‐plot	  design	  
to	  assess	  cultivar	  susceptibility	  to	  infection	  by	  zoospores	  of	  P.	  nicotianae	  using	  the	  
experimental	  factors	  of	  wounding	  and	  days	  after	  inoculation	  (DAI).	  	  Disease	  progression	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on	  plants	  and	  individual	  leaves	  was	  evaluated	  at	  3	  and	  7	  DAI.	  	  The	  experiment	  was	  




Results	  from	  each	  experiment	  were	  analyzed	  independently	  with	  JMP	  ver.	  10	  
(SAS	  Institute	  Inc.,	  Cary,	  North	  Carolina,	  USA).	  	  A	  90%	  confidence	  interval	  (i.e.,	  α=0.10)	  
was	  used	  in	  each	  study	  because	  of	  the	  inherent	  variability	  in	  this	  host-­‐pathogen	  system	  
(Chapter	  2).	  	  A	  comparison	  of	  the	  results	  for	  cultivars	  of	  P.	  paniculata	  that	  were	  






	   Zoospore	  inoculum	  of	  P.	  nicotianae	  isolate	  Flpk	  was	  effective	  at	  causing	  disease	  
on	  detached	  leaves	  of	  all	  cultivars	  of	  P.	  paniculata	  used	  in	  this	  study,	  and	  inoculated	  
leaves	  had	  significantly	  more	  disease	  than	  non-­‐inoculated	  leaves	  (Table	  3.1	  and	  Figure	  
3.3).	  	  In	  a	  three-­‐way	  analysis	  of	  variance	  (ANOVA),	  the	  main	  effects	  of	  cultivar,	  
wounding,	  and	  inoculum	  were	  all	  significant,	  but	  so	  was	  the	  wounding	  ×	  inoculum	  
interaction	  (Table	  3.1).	  	  Therefore,	  differences	  among	  cultivars	  were	  evaluated	  by	  one-­‐
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way	  ANOVA	  for	  wounded	  and	  non-­‐wounded	  leaves	  that	  were	  not	  inoculated	  and	  for	  
wounded	  and	  non-­‐wounded	  leaves	  that	  were	  inoculated	  (Table	  3.1).	  	  	  
Disease	  did	  not	  occur	  on	  non-­‐inoculated	  leaves	  (Table	  3.1	  and	  Figure	  3.3)	  but	  did	  
occur	  on	  inoculated	  leaves,	  which	  is	  why	  there	  was	  an	  interaction.	  	  Disease	  severity	  on	  
inoculated	  leaves	  varied	  among	  cultivars,	  but	  significant	  differences	  occurred	  only	  when	  
non-­‐wounded	  leaves	  were	  inoculated	  (Table	  3.1).	  	  Disease	  severity	  varied	  from	  27.7%	  to	  
1.3%	  of	  leaf	  areas	  exhibiting	  symptoms	  of	  Phytophthora	  foliage	  blight.	  	  Disease	  severity	  
on	  leaves	  of	  P.	  paniculata	  ‘Shockwave’	  was	  significantly	  greater	  than	  on	  all	  other	  
cultivars.	  	  Leaves	  from	  Bright	  Eyes,	  Flame	  White,	  and	  Laura	  plants	  had	  the	  lowest	  
disease	  severity,	  but	  eight	  other	  cultivars	  had	  statistically	  similar	  levels	  of	  disease	  
severity	  (Table	  3.1).	  Several	  single-­‐degree-­‐of-­‐freedom	  linear	  contrasts	  were	  used	  to	  
make	  specific	  comparisons	  among	  cultivars	  of	  P.	  paniculata	  (Table	  3.1).	  	  Disease	  severity	  
on	  plants	  of	  all	  cultivars	  in	  the	  Flame	  series,	  Peacock	  series,	  and	  Volcano	  series	  was	  
similar	  to	  that	  on	  plants	  of	  two	  standard	  cultivars	  (Laura	  and	  David),	  and	  there	  was	  no	  
difference	  in	  disease	  severity	  among	  the	  cultivars	  in	  the	  three	  different	  series.	  
	  Inoculated	  leaves	  that	  were	  wounded	  had	  significantly	  more	  disease	  than	  leaves	  
that	  were	  not	  wounded	  (P=0.0003).	  	  Wounding	  resulted	  in	  20.7%	  of	  the	  leaf	  area	  on	  all	  
leaves	  with	  symptoms	  of	  Phytophthora	  foliage	  blight	  while	  leaves	  that	  were	  not	  
wounded	  had	  only	  6.9%	  of	  the	  leaf	  area	  symptomatic	  (Figure	  3.3).	  	  Such	  differences	  in	  
disease	  severity	  due	  to	  wounding	  were	  more	  dramatic	  on	  some	  cultivars	  than	  on	  others.	  	  
For	  example,	  on	  the	  cultivar	  Volcano	  Pink	  White	  Eye,	  wounded	  leaves	  had	  a	  25.4%	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increase	  in	  disease	  severity	  from	  that	  on	  non-­‐wounded	  leaves.	  	  Similarly,	  wounded	  
leaves	  of	  Peacock	  Rose	  Dark	  Eye	  had	  a	  1.3%	  increase	  in	  disease	  severity	  from	  that	  on	  
non-­‐wounded	  leaves	  of	  the	  same	  cultivar,	  and	  wounded	  leaves	  of	  Shockwave	  had	  13.9%	  
more	  symptomatic	  foliage	  than	  non-­‐wounded	  leaves	  from	  the	  same	  cultivar.	  
	   	  Symptoms	  of	  disease	  on	  detached	  leaves	  that	  resulted	  from	  inoculation	  with	  a	  
zoospore	  suspension	  of	  P.	  nicotianae	  were	  similar	  in	  appearance	  to	  the	  symptoms	  of	  
Phytophthora	  foliage	  blight	  seen	  in	  the	  nursery.	  	  Discrete,	  water-­‐soaked	  lesions	  along	  
leaf	  margins	  or	  around	  the	  wounding	  site	  developed	  on	  inoculated	  leaves	  (Figure	  3.4).	  	  
Severely	  diseased	  leaves	  showed	  dark,	  water-­‐soaked	  lesions	  advancing	  through	  the	  
midvein	  (Figure	  3.5),	  and	  aerial	  hyphae	  were	  observed	  on	  leaves	  of	  P.	  paniculata	  ‘Flame	  
Purple’	  and	  ‘Flame	  Light	  Pink’	  (Figure	  3.6).	  	  Attempts	  to	  isolate	  P.	  nicotianae	  from	  
symptomatic	  leaf	  tissues	  from	  inoculated	  leaves	  were	  successful	  while	  attempts	  to	  
isolate	  the	  pathogen	  from	  infrequently	  occurring	  lesions	  on	  leaves	  that	  were	  not	  
inoculated	  revealed	  that	  symptoms	  were	  not	  caused	  by	  P.	  nicotianae	  but	  rather	  by	  




	   Inoculation	  of	  13	  cultivars	  of	  P.	  paniculata	  with	  zoospores	  of	  P.	  nicotianae	  isolate	  
Flpk	  was	  effective	  at	  causing	  foliage	  blight	  on	  some	  plants	  of	  all	  cultivars	  (Table	  3.2	  and	  
Figure	  3.7).	  	  However,	  like	  in	  the	  detached	  leaf	  assay,	  disease	  severity	  varied	  among	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cultivars.	  	  In	  a	  three-­‐way	  ANOVA	  for	  the	  effects	  of	  cultivar,	  wounding,	  and	  DAI,	  all	  three	  
main	  effects	  were	  significant	  when	  disease	  severity	  was	  evaluated	  on	  plants	  and	  on	  
individual	  pre-­‐marked	  leaves,	  and	  only	  one	  of	  the	  eight	  interactions	  (wounding×DAI	  for	  
leaves)	  was	  significant	  (Table	  3.2).	  	  Therefore,	  each	  of	  the	  main	  effects	  was	  evaluated	  
for	  the	  other	  factors	  combined.	  	  On	  both	  whole	  plants	  and	  leaves,	  differences	  among	  
cultivars	  were	  not	  observed	  at	  3	  DAI,	  so	  only	  results	  at	  7	  DAI	  are	  presented	  (Table	  3.2).	  	  
On	  whole	  plants	  and	  leaves,	  disease	  severity	  was	  greater	  at	  7	  DAI	  than	  at	  3	  DAI	  (Table	  
3.2,	  Figure	  3.7).	  
Disease	  severity	  differed	  significantly	  among	  cultivars	  of	  P.	  paniculata	  when	  
whole	  plants	  were	  assessed	  at	  7	  DAI	  (Table	  3.2).	  	  Plants	  of	  garden	  phlox	  cultivar	  Peacock	  
White	  were	  most	  severely	  diseased,	  with	  symptoms	  on	  12%	  of	  the	  foliage,	  but	  four	  
other	  cultivars	  had	  disease	  severity	  ratings	  that	  were	  not	  significantly	  different	  (Table	  
3.2).	  	  Plants	  of	  Flame	  Violet	  were	  the	  least	  severely	  diseased,	  but	  plants	  of	  Flame	  White	  
and	  Flame	  White	  Eye	  had	  similar	  levels	  of	  disease.	  	  When	  disease	  severity	  was	  assessed	  
on	  five	  individual	  pre-­‐marked	  leaved	  on	  each	  plant,	  cultivars	  also	  varied	  significantly	  in	  
disease	  severity	  (Table	  3.2).	  	  The	  relative	  ranking	  of	  cultivars	  based	  on	  disease	  severity	  
on	  individual	  leaves	  was	  similar	  to	  the	  relative	  ranking	  of	  cultivars	  based	  on	  disease	  
severity	  on	  whole	  plants	  (Table	  3.2).	  	  However,	  there	  was	  less	  separation	  among	  
cultivars	  when	  individual	  leaves	  were	  assessed.	  
	   Single-­‐degree-­‐of-­‐freedom	  linear	  contrasts	  again	  were	  used	  for	  specific	  
comparisons	  among	  cultivars.	  	  Plants	  in	  the	  nine	  cultivars	  of	  the	  Flame	  series	  were	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significantly	  less	  diseased	  than	  plants	  in	  the	  other	  four	  cultivars	  (P=0.0015),	  and	  plants	  
in	  the	  two	  cultivars	  in	  the	  Peacock	  series	  had	  significantly	  more	  disease	  than	  plants	  in	  
the	  other	  11	  cultivars	  (P=0.0676).	  	  Additionally,	  disease	  severity	  was	  significantly	  lower	  
on	  plants	  in	  the	  three	  cultivars	  with	  dark	  flower	  color	  (i.e.,	  Flame	  Purple,	  Flame	  Violet,	  
and	  Peacock	  Purple	  Bicolor)	  than	  on	  plants	  in	  the	  other	  10	  cultivars	  with	  light	  colored	  
flowers	  (P=0.011).	  	  	  
	   Wounding	  significantly	  increased	  disease	  severity	  across	  all	  cultivars	  on	  both	  
whole	  plants	  and	  individual	  leaves,	  and	  disease	  severity	  increased	  over	  time—from	  3	  to	  
7	  DAI	  (Table	  3.2).	  	  On	  individual	  leaves,	  wounding	  resulted	  in	  over	  eight	  times	  more	  
disease	  (5.8%	  vs.	  0.7%)	  than	  not	  wounding	  at	  3	  DAI	  (data	  not	  presented)	  and	  over	  four	  
times	  more	  disease	  (12.9%	  vs.	  3.0%)	  than	  not	  wounding	  at	  7	  DAI	  (Table	  3.2).	  	  On	  whole	  
plants,	  wounding	  resulted	  in	  over	  two	  times	  more	  disease	  (9.4	  vs.	  4.2)	  at	  7	  DAI	  (Table	  
3.2).	  When	  disease	  progress	  was	  evaluated	  on	  non-­‐wounded	  and	  wounded	  plants	  
separately,	  disease	  severity	  usually	  was	  greater	  at	  7	  DAI	  than	  at	  3	  DAI	  (Figure	  3.7).	  	  At	  3	  
DAI,	  wounded	  plants	  were	  over	  two	  times	  more	  severely	  diseased	  (7.8%	  vs.	  2.8%)	  than	  
non-­‐wounded	  plants	  (Figure	  3.7).	  	  Similarly,	  disease	  on	  wounded	  plants	  was	  twice	  as	  
severe	  (11.0%	  vs.	  5.5%)	  as	  that	  on	  non-­‐wounded	  plants	  at	  7	  DAI	  (Figure	  3.7).	  	  	  	  	  
	   Symptoms	  of	  Phytophthora	  foliage	  blight	  on	  plants	  in	  the	  13	  cultivars	  of	  garden	  
phlox	  used	  in	  this	  experiment	  were	  very	  similar	  to	  those	  seen	  in	  the	  field	  and	  in	  previous	  
experiments	  in	  which	  suspensions	  of	  P.	  nicotianae	  zoospores	  were	  used	  to	  inoculate	  
plants	  (Chapter	  2).	  	  Dark,	  water-­‐soaked	  lesions	  began	  to	  appear	  around	  wounding	  sites	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at	  3	  DAI	  (Figure	  3.2),	  and	  aerial	  hyphae	  were	  present	  on	  leaf	  petioles	  (Figure	  3.8)	  and	  on	  
young	  leaves	  and	  buds	  (Figure	  3.9)	  by	  7	  DAI.	  
A	  statistical	  correlation	  was	  calculated	  for	  cultivars	  of	  P.	  paniculata	  that	  were	  
used	  in	  both	  the	  detached	  leaf	  and	  whole	  plant	  assays	  (i.e.,	  Flame	  Light	  Pink,	  Flame	  
White,	  and	  Peacock	  White)	  to	  determine	  if	  the	  relative	  simplicity	  of	  the	  detached-­‐leaf	  
assay	  produced	  results	  that	  were	  similar	  to	  those	  on	  whole	  plants.	  	  Pearson’s	  




Some	  plants	  of	  all	  25	  cultivars	  of	  P.	  paniculata	  used	  in	  this	  study	  were	  
susceptible	  to	  infection	  by	  P.	  nicotianae,	  and	  disease	  severity	  varied	  among	  cultivars	  
when	  both	  detached	  leaves	  and	  whole	  plants	  were	  inoculated	  with	  isolate	  Flpk	  of	  P.	  
nicotianae.	  	  This	  is	  consistent	  with	  reports	  of	  disease	  on	  garden	  phlox	  cause	  by	  P.	  
nicotianae	  in	  two	  large	  production	  nurseries	  in	  South	  Carolina	  (R.	  Coronado,	  personal	  
communication,	  2011;	  G.	  Mitchell,	  personal	  communication,	  2012).	  	  Garden	  phlox	  
cultivar	  Shockwave	  was	  particularly	  susceptible	  to	  Phytophthora	  foliage	  blight.	  	  
Shockwave	  was	  the	  only	  cultivar	  with	  variegated	  leaf	  color	  assayed	  in	  this	  study;	  the	  lack	  
of	  green	  pigmentation	  may	  predispose	  this	  cultivar	  to	  infection,	  as	  chlorophyll	  and	  other	  
plant	  pigments	  have	  been	  shown	  to	  biochemically	  remediate	  many	  stresses	  caused	  by	  
the	  environment	  and	  by	  pathogens	  (Lundquist	  1984,	  Fortunato	  2012,	  Chalker-­‐Scott	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1999).	  	  Alternatively,	  the	  genetics	  conferring	  variegation	  may	  be	  linked	  to	  increased	  
susceptibility	  to	  infection	  by	  P.	  nicotianae.	  	  Armitage	  (2008)	  states	  that	  cultivars	  with	  
variegated	  leaves	  “do	  poorly	  in	  heat	  and	  humidity”,	  so	  environmental	  conditions	  that	  
favor	  disease	  development	  may	  stress	  and	  predispose	  Shockwave	  plants	  to	  infection	  
more	  so	  than	  plants	  in	  other	  cultivars	  with	  solid	  green	  leaves.	  Moreover,	  plants	  in	  
cultivars	  with	  darker	  flower	  colors	  were	  less	  susceptible	  to	  infection	  by	  P.	  nicotianae,	  
further	  suggesting	  that	  plant	  pigments	  may	  be	  involved	  in	  the	  susceptibility	  of	  garden	  
phlox	  to	  Phytophthora	  foliage	  blight.	  	  The	  relationship	  between	  susceptibility	  to	  P.	  
nicotianae	  and	  flower	  color	  or	  variegated	  foliage	  needs	  to	  be	  confirmed	  and	  may	  
warrant	  further	  research.	  
	   	  All	  other	  cultivars	  of	  P.	  paniculata	  used	  in	  this	  study	  were	  less	  susceptible	  than	  
Shockwave	  plants	  to	  infection	  by	  P.	  nicotianae.	  	  Plants	  of	  cultivar	  Laura,	  an	  industry	  
standard,	  were	  proven	  to	  be	  particularly	  resilient	  in	  this	  assay,	  which	  is	  consistent	  with	  
field	  reports	  (T.	  Watson,	  personal	  communication,	  2012).	  	  Plants	  of	  P.	  paniculata	  
‘David’,	  another	  industry	  standard,	  were	  surprisingly	  susceptible	  to	  Phytophthora	  
foliage	  blight	  under	  the	  experimental	  conditions	  used	  in	  this	  study.	  	  Cultivars	  of	  garden	  
phlox	  within	  the	  Flame	  series	  varied	  considerably	  in	  disease	  severity	  after	  inoculation	  
with	  zoospores	  of	  P.	  nicotianae	  in	  both	  the	  detached	  leaf	  assay	  and	  the	  whole	  plants	  
assay.	  	  This	  was	  somewhat	  unexpected	  because	  plant	  breeding	  lines	  often	  express	  
similar	  physical	  characteristics,	  growth	  habits,	  and	  disease	  resistance	  (Vidavsky	  1998,	  
Glosier	  et	  al.	  2008,	  Foster	  2013,	  McCorkle	  2013).	  	  Plants	  within	  the	  Peacock	  series	  had	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similar	  disease	  severity	  ratings	  in	  the	  detached	  leaf	  assay	  but	  significantly	  different	  
disease	  severity	  ratings	  in	  the	  whole	  plant	  assay;	  however,	  different	  cultivars	  in	  the	  
Peacock	  series	  were	  used	  in	  the	  two	  assays.	  	  Cultivars	  in	  the	  Volcano	  series	  only	  were	  
used	  in	  the	  detached	  leaf	  assay,	  and	  disease	  severity	  ratings	  on	  plants	  in	  these	  five	  
cultivars	  were	  similar.	  
	   Infection	  and	  subsequent	  disease	  development	  on	  foliage	  of	  garden	  phlox	  plants	  
in	  both	  assays	  was	  exacerbated	  by	  wounding,	  which	  is	  consistent	  with	  results	  from	  a	  
previous	  study	  (Chapter	  2).	  	  By	  manually	  wounding	  leaves,	  natural	  plant	  defenses	  (e.g.,	  
exclusion	  of	  the	  pathogen	  by	  the	  leaf	  cuticle)	  were	  bypassed,	  which	  allowed	  P.	  
nicotianae	  to	  easily	  infect	  the	  leaf.	  	  In	  the	  detached	  leaf	  assay,	  there	  was	  no	  difference	  
in	  disease	  severity	  among	  15	  cultivars	  when	  leaves	  were	  wounded—presumably	  
because	  disease	  had	  progressed	  too	  rapidly.	  	  Differences	  in	  susceptibility	  were	  only	  
evident	  when	  leaves	  were	  not	  wounded.	  	  Thus,	  the	  results	  from	  non-­‐wounded	  leaves	  
that	  were	  inoculated	  with	  zoospores	  of	  P.	  nicotianae	  should	  provide	  a	  more	  accurate	  
indication	  of	  a	  garden	  phlox	  cultivar’s	  susceptibility	  to	  this	  pathogen.	  	  	  
In	  this	  study,	  a	  detached	  leaf	  assay	  and	  a	  whole	  plant	  assay	  were	  used	  to	  
evaluate	  susceptibility	  of	  cultivars	  of	  P.	  paniculata	  to	  P.	  nicotianae,	  which	  causes	  
Phytophthora	  foliage	  blight	  on	  plants	  in	  nurseries	  in	  South	  Carolina.	  	  Differences	  among	  
cultivars	  occurred	  with	  both	  assays,	  but	  the	  Pearson’s	  correlation	  coefficient	  comparing	  
results	  from	  the	  two	  assays	  was	  not	  significant—meaning	  that	  the	  two	  assays	  did	  not	  
provide	  similar	  results.	  	  However,	  only	  three	  cultivars	  were	  used	  in	  both	  assays	  because	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the	  two	  experiments	  were	  conducted	  during	  different	  growing	  seasons,	  so	  cultivar	  
availability	  was	  not	  the	  same.	  	  Therefore,	  a	  valid	  comparison	  of	  the	  two	  assays	  is	  not	  
possible.	  	  Additional	  research	  needs	  to	  be	  conducted	  to	  determine	  if	  these	  susceptibility	  
assays	  provide	  similar	  results	  and	  if	  results	  from	  either	  assay	  corroborate	  what	  occurs	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Table	  3.1.	  	  Disease	  severity	  on	  wounded	  (W)	  and	  non-­‐wounded	  (NW)	  detached	  leaves	  
of	  15	  cultivars	  of	  Phlox	  paniculata	  after	  inoculation	  with	  zoospores	  of	  Phytophthora	  
nicotianae	  isolate	  Flpk	  or	  not	  inoculated.	  
	   Leaf	  area	  with	  symptoms	  (%)z	  
	   Non-­‐inoculated	   	   Inoculated	  
Cultivar	   W	   	   NW	   	   W	   	   NW	  
Shockwave	   3.9	   	   1.3	   	   41.6	   	  27.7	   a	  
Flame	  Light	  Pink	   1.3	   	   1.3	   	   39.1	   	  14.1	   	  	  b	  
Volcano	  Pink	  Red	  Eye	   0.0	   	   0.0	   	   14.2	   	  10.4	   	  	  bc	  
David	   12.7	   	   2.6	   	   17.9	   	  10.3	   	  	  bc	  
Volcano	  Purple	   1.3	   	   1.3	   	   32.9	   	   7.8	   	  	  bcd	  
Peacock	  White	   1.3	   	   1.3	   	   24.2	   	   6.5	   	  	  bcd	  
Volcano	  White	   2.6	   	   2.6	   	   24.2	   	   5.2	   	  	  	  	  cd	  
Flame	  Purple	   0.0	   	   0.0	   	   16.7	   	   5.1	   	  	  	  	  cd	  
Peacock	  Lilac	   0.0	   	   0.0	   	   24.1	   	   3.9	   	  	  	  	  cd	  
Peacock	  Rose	  Dark	  Eye	   1.3	   	   0.0	   	   5.2	   	   3.9	   	  	  	  	  cd	  
Volcano	  Pink	  White	  Eye	   0.0	   	   0.0	   	   28.0	   	   2.6	   	  	  	  	  cd	  
Volcano	  Ruby	   0.0	   	   0.0	   	   11.7	   	   2.6	   	  	  	  	  cd	  
Bright	  Eyes	   0.0	   	   0.0	   	   10.4	   	   1.3	   	  	  	  	  	  	  d	  
Flame	  White	   0.0	   	   0.0	   	   12.9	   	   1.3	   	  	  	  	  	  	  d	  
Laura	   0.0	   	   1.3	   	   7.8	   	   1.3	   	  	  	  	  	  	  d	  
LSD	  (P=0.10)	   ns	   	   ns	   	   ns	   	   7.8	   	  
	   	   	   	   	   	   	   	   	   	  	   	  1-­‐way	  ANOVAy	   df	   P	  >	  F	   	  df	   P	  >	  F	   	  df	   P	  >	  F	   	  df	   P	  >	  F	  
Cultivar	   14	   0.6484	   	  14	   0.8343	   	  14	   0.6865	   	  14	   0.0031	  
	   	   	   	   	   	   	   	   	   	  	   	  Orthogonal	  Contrastsx	   	   	   	   	   	   	   	   	   	  	   P	  >	  F	  
Laura	  +	  David	  vs.	  10	  cultivars	  in	  Flame,	  Peacock,	  and	  Volcano	  series	   	  	   0.9883	  
4	  Volcano	  cultivars	  vs.	  3	  Flame	  +	  3	  Peacock	  cultivars	   	  	   0.9673	  
3	  Flame	  cultivars	  vs.	  3	  Peacock	  cultivars	   	  	   0.4373	  
	   	   	   	   	   	   	   	   	   	  	   	  3-­‐way	  ANOVAw	   df	   P	  >	  F	   	   	   	   	   	   	   	  	   	  
Cultivar	   14	   0.0499	   	  	   	   	   	   	   	  	   	  
Wounding	   1	   <0.0001	   	  	   	   	   	   	   	  	   	  
Inoculum	   1	   <0.0001	   	  	   	   	   	   	   	  	   	  
Cultivar×Wounding	   14	   0.9876	   	  	   	   	   	   	   	  	   	  
Cultivar×Inoculum	   14	   0.1817	   	  	   	   	   	   	   	  	   	  
Wounding×Inoculum	   1	   0.0004	   	  	   	   	   	   	   	  	   	  
Cultivar×Wounding×Inoculum	   14	   0.9557	   	  	   	   	   	   	   	  	   	  
z	   Disease	  severity	  was	  evaluated	  on	  a	  scale	  of	  0	  to	  5	  based	  on	  percentage	  of	  leaf	  area	  
with	  symptoms	  immediately	  following	  a	  72–h,	  100%	  relative	  humidity	  incubation	  
period:	  	  0=0%,	  1=1-­‐25%,	  2=26-­‐50%,	  3=51-­‐75%,	  4=76-­‐99%,	  5=100%;	  median	  values	  
were	  used	  for	  analyses.	  	  Means	  within	  a	  column	  for	  each	  level	  of	  a	  factor	  that	  have	  a	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letter	  in	  common	  are	  not	  significantly	  different	  based	  on	  Fisher’s	  protected	  least	  
significant	  difference	  (LSD)	  with	  α=0.10;	  ns=not	  significant.	  
y	   One-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  simple	  effect	  of	  cultivar	  for	  wounding	  
and	  inoculum	  treatments	  (n=10);	  df	  =	  degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  of	  a	  
greater	  F	  value	  occurring.	  
x	   Orthogonal	  single-­‐degree-­‐of	  freedom	  linear	  contrasts	  comparing	  groups	  of	  cultivars	  
when	  plants	  were	  not	  wounded	  and	  inoculated.	  
w	  Three-­‐way	  ANOVA	  for	  the	  main	  effects	  of	  cultivar,	  wounding,	  and	  inoculum	  (n=10).	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Table	  3.2.	  	  Effects	  of	  wounding	  on	  disease	  severity	  on	  the	  foliage	  of	  plants	  and	  selected	  
leaves	  of	  13	  cultivars	  of	  Phlox	  paniculata	  at	  3	  and	  7	  days	  after	  inoculation	  (DAI)	  with	  
zoospores	  of	  Phytophthora	  nicotianae	  isolate	  Flpk.	  
	   	   Disease	  severityz	  (%)	  
Factor	   Level	   Plants	   	   Leaves	  
Cultivar	   Peacock	  White	   11.6	  	  a	   	   17.7	  	  a	  
	   Flame	  Blue	   11.3	  	  ab	   	   20.3	  	  a	  
	   Early	  Pink	  50	   11.0	  	  abc	   	   12.8	  	  abc	  
	   Flame	  Pink	   10.6	  	  abc	   	   17.2	  	  ab	  
	   Flame	  Purple	   6.8	  	  abcd	   	   10.1	  	  abcd	  
	   Flame	  Coral	   6.8	  	  abcd	   	   5.2	  	  abcd	  
	   Early	  Pink	  Eye	   6.5	  	  abcde	   	   4.3	  	  abcd	  
	   Flame	  Light	  Pink	   6.5	  	  abcde	   	   3.7	  	  abcd	  
	   Flame	  Lilac	   5.2	  	  abcde	   	   3.1	  	  abcd	  
	   Peacock	  Purple	  Bicolor	   5.2	  	  abcde	   	   6.2	  	  abcd	  
	   Flame	  White	  Eye	   4.6	  	  abcdef	   	   1.8	  	  abcd	  
	   Flame	  White	   2.0	  	  abcdef	   	   0.9	  	  abcd	  
	   Flame	  Violet	   0.3	  	  abcdef	   	   0.0	  	  abcd	  
	   LSD	  (P=0.10)	   4.7	   	   11.2	  
	   	   	   	   	  Wounding	   Wounded	   9.4	  	  a	   	   12.9	  	  a	  
	   Non-­‐wounded	   4.2	  	  ab	   	   3.0	  	  ab	  
	   LSD	  (P=0.10)	   1.9	   	   4.4	  
	   	   	   	   	  DAI	   3	   5.3	  	  ab	   	   3.2	  	  ab	  
	   7	   8.3	  	  a	   	   12.6	  	  ab	  
	   LSD	  (P=0.10)	   1.9	   	   4.4	  
	   	   	   	   	   	   	  3-­‐way	  ANOVAy	   df	   P	  >	  F	   	   df	   P	  >	  F	  
Cultivar	   12	   0.0022	   	   12	   0.0277	  
Wounding	   1	   <0.0001	   	   1	   0.0004	  
DAI	   1	   0.0105	   	   1	   0.0007	  
Cultivar×Wounding	   12	   0.1495	   	   12	   0.6057	  
Cultivar×DAI	   12	   0.7795	   	   12	   0.5021	  
Wounding×DAI	   1	   0.8350	   	   1	   0.0764	  
Cultivar×Wounding×DAI	   12	   0.8586	   	   12	   0.9916	  
z	   Disease	  severity	  on	  whole	  plants	  and	  individual	  leaves	  was	  evaluated	  on	  a	  scale	  of	  0	  to	  
5	  based	  on	  percentage	  of	  foliage	  with	  symptoms	  3	  and	  7	  DAI:	  	  0=0%,	  1=1-­‐25%,	  2=26-­‐
50%,	  3=51-­‐75%,	  4=76-­‐99%,	  5=100%;	  median	  values	  were	  used	  for	  analyses.	  	  Means	  
within	  a	  column	  for	  each	  level	  of	  a	  factor	  that	  have	  a	  letter	  in	  common	  are	  not	  
significantly	  different	  based	  on	  Fisher’s	  protected	  least	  significant	  difference	  (LSD)	  
with	  α=0.10.	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y	   Three-­‐way	  analyses	  of	  variance	  (ANOVA)	  for	  the	  main	  effects	  of	  cultivar,	  wounding,	  
and	  DAI	  (whole	  plant,	  n=10;	  individual	  leaf,	  n=50);	  df	  =	  degrees	  of	  freedom;	  P	  >	  F	  is	  the	  
probability	  of	  a	  greater	  F	  value	  occurring.
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Figure	  3.1.	  Moist	  chambers	  used	  in	  the	  detached	  leaf	  assay.	  	  Following	  inoculation	  
with	  a	  zoospore	  suspension	  or	  spraying	  with	  distilled	  water,	  lids	  were	  taped	  shut,	  and	  
then	  the	  entire	  chamber	  was	  sealed	  in	  a	  plastic	  bag.	  	  Chambers	  were	  held	  at	  25°C	  in	  
the	  dark	  for	  72	  h.	  
	  
Figure	  3.2.	  	  A	  leaf	  of	  Phlox	  paniculata	  ‘Flame	  Blue’	  with	  characteristic	  symptoms	  of	  
infection	  following	  inoculation	  of	  plants	  with	  zoospores	  of	  Phytophthora	  nicotianae.	  	  
Water-­‐soaked	  and	  necrotic	  lesions	  appeared	  around	  wound	  sites	  and	  along	  leaf	  



















































































































Figure	  3.3.	  	  Effect	  of	  wounding	  on	  disease	  severity	  on	  detached	  leaves	  of	  15	  cultivars	  of	  
Phlox	  paniculata	  3	  days	  after	  spraying	  with	  (A)	  distilled	  water	  (control)	  or	  (B)	  a	  
suspension	  of	  3×104	  zoospores	  ml-­‐1	  of	  Phytophthora	  nicotianae.	  	  Grand	  means	  for	  all	  
cultivars	  combined	  are	  indicated	  by	  solid	  horizontal	  lines.	  	  Wounding	  significantly	  
(indicated	  by	  *)	  increased	  disease	  severity	  on	  inoculated	  leaves	  (P=0.0003).	  	  Error	  bars	  

















Mean	  (N)	  	  =	  	  	  6.9	  ±	  1.3%	  
*	  Mean	  (W)	  =	  20.7	  ±	  3.1%	  
A	  
B	  
Wounding:	  	  	  	  	  	  	  (N)	  	  	  	  	  	  	  (W)	  
Mean	  (N)	  =	  0.8	  ±	  0.3%	  
Mean	  (W)	  =	  1.6	  ±	  0.9%	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Figure	  3.4.	  	  Discrete,	  water-­‐soak	  lesions	  along	  leaf	  margins	  or	  around	  the	  wounding	  site	  




Figure	  3.5.	  Severely	  diseased	  leaves	  of	  Phlox	  paniculata	  ‘Volcano	  Pink	  White	  Eye’	  with	  
dark,	  water-­‐soaked	  lesions	  that	  expanded	  across	  the	  midvein	  following	  inoculation	  with	  
zoospores	  of	  Phytophthora	  nicotianae.	  
	  
	  
Figure	  3.6.	  	  Aerial	  hyphae	  developed	  on	  leaves	  of	  Phlox	  paniculata	  following	  inoculation	  






























































































Figure	  3.7.	  	  Effect	  of	  time	  on	  disease	  severity	  on	  plants	  of	  13	  cultivars	  of	  Phlox	  
paniculata	  that	  were	  (A)	  not	  wounded	  or	  (B)	  wounded	  prior	  to	  inoculation	  with	  a	  
suspension	  of	  ×104	  zoospores	  ml-­‐1	  of	  Phytophthora	  nicotianae.	  	  Grand	  means	  for	  all	  
cultivars	  combined	  are	  indicated	  by	  solid	  horizontal	  lines.	  	  On	  both	  non-­‐wounded	  and	  
wounded	  plants,	  disease	  severity	  across	  all	  cultivars	  was	  significantly	  (indicated	  by	  *)	  
greater	  at	  7	  days	  after	  inoculation	  (DAI)	  than	  at	  3	  DAI	  (P=0.0897	  and	  P=0.0480,	  

















	  	  Mean	  (3	  DAI)	  	  =	  	  	  7.8	  ±	  0.6%	  
*Mean	  (7	  DAI)	  	  =	  11.0	  ±	  1.0%	  
A	  
B	  
DAI:	  	  	  	  	  	  	  	  3	  	  	  	  	  	  	  	  7	  
Mean	  (3	  DAI)	  =	  2.8	  ±	  0.5%	  
	  *Mean	  (7	  DAI)	  =	  5.5	  ±	  1.1%	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Figure	  3.8.	  	  Aerial	  hyphae	  were	  pronounced	  on	  the	  stem	  and	  leaf	  petioles	  of	  Phlox	  
paniculata	  ‘Flame	  Light	  Pink’	  following	  inoculation	  of	  plants	  with	  zoospores	  of	  
Phytophthora	  nicotianae.	  	  
	  
Figure	  3.9.	  	  Aerial	  hyphae	  occurred	  on	  young,	  succulent	  leaves	  and	  flower	  buds	  of	  Phlox	  








Variation	  in	  Virulence	  Among	  Isolates	  of	  Phytophthora	  	  





	   Phytophthora	  foliage	  blight	  of	  garden	  phlox	  is	  an	  enigmatic	  and	  highly	  variable	  
disease	  relationship	  between	  Phlox	  paniculata	  and	  Phytophthora	  nicotianae.	  	  In	  
preceding	  chapters,	  key	  components	  of	  the	  disease	  triangle	  were	  addressed;	  
experiments	  were	  conducted	  that	  explored	  the	  effects	  of	  environmental	  factors	  
(Chapter	  2)	  and	  cultivar	  susceptibility	  (Chapter	  3)	  on	  disease	  development.	  	  To	  further	  
elucidate	  the	  pathogenicity	  of	  P.	  nicotianae	  on	  P.	  paniculata,	  the	  final	  element	  of	  the	  
disease	  triangle,	  the	  virulent	  pathogen,	  must	  be	  investigated.	  
P.	  nicotianae	  is	  very	  common	  in	  greenhouses,	  nurseries,	  and	  landscapes	  in	  the	  
relatively	  warm,	  humid	  climate	  of	  the	  southeastern	  United	  States,	  and	  it	  is	  the	  
predominant	  species	  of	  Phytophthora	  that	  causes	  disease	  on	  herbaceous	  perennial	  
plants	  in	  this	  region	  (Eisenmann	  2003;	  S.	  Jeffers,	  personal	  communication).	  	  These	  
environmental	  conditions	  favor	  the	  development	  of	  many	  diseases	  —	  namely	  root,	  
crown,	  and	  fruit	  rots	  and	  stem,	  foliage,	  and	  flower	  blights	  —	  on	  a	  wide	  range	  of	  host	  
plants	  (Cline	  et	  al.	  2008,	  Eisenmann	  2003,	  Erwin	  &	  Ribeiro	  1996,	  Farr	  et	  al.	  2013).	  	  P.	  
paniculata	  was	  not	  recognized	  as	  a	  host	  of	  this	  pathogen	  until	  recently	  (Eisenmann	  
2003)	  although	  other	  species	  of	  Phlox	  have	  been	  reported	  in	  the	  literature	  as	  hosts	  of	  P.	  
nicotianae	  for	  over	  a	  half-­‐century	  (Moore	  1959).	  	  Discussions	  with	  nursery	  personnel	  
and	  sample	  records	  at	  the	  Clemson	  University	  Plant	  Problem	  Clinic	  have	  revealed	  that	  P.	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nicotianae	  frequently	  has	  been	  a	  problem	  on	  P.	  paniculata	  over	  the	  past	  10	  to	  15	  years	  
(R.	  Coronado,	  personal	  communication;	  T.	  Watson,	  personal	  communication).	  
Although	  P.	  nicotianae	  is	  quite	  common	  on	  a	  wide	  array	  of	  herbaceous	  and	  some	  
woody	  plants	  (Cline	  et	  al.	  2008,	  Erwin	  &	  Ribeiro	  1996,	  Farr	  et	  al.	  2013),	  not	  all	  isolates	  of	  
P.	  nicotianae	  equally	  affect	  all	  host	  plants	  (Eisenmann	  2003,	  Erwin	  &	  Ribeiro	  1996).	  	  
Some	  isolates	  exhibit	  remarkable	  host	  specificity	  and	  only	  cause	  disease	  on	  the	  host	  
plants	  from	  which	  the	  isolate	  was	  recovered;	  for	  example,	  isolates	  of	  P.	  nicotianae	  
recovered	  from	  infected	  tobacco	  plants	  were	  virulent	  only	  on	  tobacco	  (Erwin	  &	  Ribeiro	  
1996,	  Lucas	  1975,	  Tucker	  1931).	  	  Similarly,	  isolates	  of	  P.	  nicotianae	  recovered	  from	  
petunia	  (Petunia	  x	  hybrida)	  have	  been	  shown	  to	  affect	  only	  petunias	  (Eisenmann	  2003;	  
S.	  Jeffers,	  unpublished	  data).	  	  In	  addition	  to	  host	  specificity,	  isolates	  of	  P.	  nicotianae	  also	  
have	  been	  shown	  to	  vary	  in	  virulence	  on	  specific	  host	  plants	  (Abu-­‐El	  Samen	  et	  al.	  2003,	  
Hall	  1993,	  Jeffers	  &	  Meadows	  2011,	  Matheron	  &	  Matejka	  1990,	  Siradhana	  et	  al.	  1968).	  	  
The	  objective	  of	  this	  study	  was	  to	  assess	  and	  compare	  the	  virulence	  of	  isolates	  of	  P.	  
nicotianae	  that	  originally	  were	  recovered	  from	  phlox	  plants	  on	  the	  foliage	  of	  plants	  of	  P.	  
paniculata.	  	  	  
	   	  
MATERIALS	  AND	  METHODS	  
	  
Phlox	  paniculata	  plants.	  	  Three	  cultivars	  were	  selected	  as	  differentials	  (i.e.,	  host	  
plants	  that	  served	  to	  distinguish	  among	  isolates	  of	  P.	  nicotianae	  on	  the	  basis	  of	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symptom	  development)	  based	  on	  their	  relative	  susceptibilities	  to	  isolate	  Flpk	  of	  P.	  
nicotianae	  (Chapter	  3):	  	  P.	  paniculata	  ‘Shockwave’	  by	  Proven	  Winners	  (Sycamore,	  IL)	  
was	  highly-­‐susceptible;	  P.	  paniculata	  ‘David’	  exhibited	  moderate	  susceptibility,	  and	  P.	  
paniculata	  ‘Laura’	  was	  only	  mildly	  susceptible.	  	  Plugs	  of	  P.	  paniculata	  were	  obtained	  
from	  a	  local	  production	  nursery	  or	  were	  ordered	  from	  a	  commercial	  supplier	  and	  were	  
transplanted	  into	  10-­‐cm-­‐diameter	  plastic	  pots	  containing	  a	  soilless	  container	  mix	  (Fafard	  
3B	  Mix:	  	  Sun	  Gro	  Horticulture,	  Agawam,	  MA).	  	  Plants	  were	  acclimated	  to	  greenhouse	  
conditions	  for	  2	  weeks	  with	  daily	  watering	  and	  weekly	  fertilizer	  applications	  with	  Peters	  
Professional	  20-­‐10-­‐20	  Peat-­‐Lite	  Special	  water-­‐soluble	  fertilizer	  (Everris	  NA,	  Inc.,	  The	  
Netherlands)	  at	  a	  rate	  of	  13.75	  ppm.	  	  
Isolates	  and	  inoculum	  preparation.	  	  Nine	  unique	  isolates	  of	  P.	  nicotianae	  were	  
used,	  each	  of	  which	  was	  isolated	  from	  a	  diseased	  plant	  of	  Phlox	  spp.,	  primarily	  P.	  
paniculata,	  growing	  at	  two	  nurseries	  in	  South	  Carolina:	  	  two	  isolates	  were	  recovered	  
from	  plants	  submitted	  to	  the	  Clemson	  University	  Plant	  Problem	  Clinic	  in	  2000	  and	  2002	  
and	  the	  other	  seven	  isolates	  were	  recovered	  from	  plants	  collected	  by	  the	  authors	  in	  
2011	  to	  2013	  (Table	  4.1).	  	  Zoospore	  suspensions	  of	  each	  isolate	  were	  prepared	  using	  the	  
methods	  described	  in	  a	  previous	  study	  (Chapter	  2).	  	  The	  final	  concentration	  of	  
zoospores	  in	  each	  inoculum	  suspension	  used	  in	  this	  experiment	  was	  approximately	  
3×104	  zoospores	  ml-­‐1.	  
Inoculation,	  observation,	  and	  harvest.	  	  Each	  cultivar	  was	  inoculated	  with	  all	  nine	  
isolates	  in	  an	  independent	  trial.	  	  Five	  replicate	  plants	  of	  P.	  paniculata	  were	  misted	  with	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the	  zoospore	  suspension	  from	  one	  isolate	  of	  P.	  nicotianae	  until	  beads	  of	  water	  formed	  
on	  leaf	  surfaces,	  and	  plants	  were	  placed	  within	  a	  humidity	  chamber	  in	  a	  growth	  room	  
(Figure	  4.1).	  	  Use	  of	  the	  humidity	  chamber	  in	  a	  growth	  room	  to	  enhance	  infection	  and	  
disease	  development	  was	  described	  previously	  (Chapter	  3).	  	  To	  ensure	  the	  viability	  of	  
the	  zoospores	  of	  each	  isolate	  in	  suspension,	  inoculum	  also	  was	  misted	  onto	  one	  plate	  of	  
PARPH-­‐V8	  selective	  medium	  (Ferguson	  &	  Jeffers	  1999)	  during	  the	  inoculation	  process,	  
and	  the	  plates	  were	  observed	  following	  a	  24-­‐h	  incubation	  period	  at	  25°C	  in	  the	  dark.	  	  
Inoculum	  was	  considered	  viable	  if	  individual	  colonies	  of	  P.	  nicotianae	  covered	  each	  plate	  
after	  24	  h.	  
Plants	  were	  monitored	  for	  disease	  severity	  over	  a	  2-­‐week	  period.	  	  Environmental	  
conditions	  in	  the	  humidity	  chamber	  were	  monitored	  throughout	  the	  experimental	  
period	  of	  each	  trial	  and	  maintained	  with	  an	  average	  temperature	  of	  25.8	  ±	  3.6°C	  and	  
average	  relative	  humidity	  (RH)	  of	  87.5	  ±	  9.7%	  over	  the	  experimental	  period	  for	  all	  trials.	  	  
When	  symptoms	  occurred,	  small	  pieces	  (5	  mm	  ×	  5	  mm)	  of	  diseased	  tissue	  were	  
embedded	  in	  PARPH-­‐V8	  medium	  and	  then	  plates	  were	  held	  at	  25°C	  in	  the	  dark	  for	  1	  to	  2	  
days.	  	  Isolation	  plates	  were	  inspected	  for	  typical	  colonies	  of	  P.	  nicotianae	  to	  confirm	  that	  
symptoms	  had	  resulted	  from	  infection	  by	  this	  pathogen.	  
Experimental	  design.	  	  The	  experiment	  followed	  a	  complete	  factorial	  design,	  with	  
each	  cultivar	  inoculated	  with	  all	  nine	  isolates;	  each	  cultivar	  was	  used	  in	  a	  separate,	  
independent	  trial,	  and	  all	  trials	  were	  conducted	  twice.	  	  For	  each	  trial,	  five	  replicate	  
plants	  of	  the	  test	  cultivar	  were	  exposed	  to	  inoculum	  from	  each	  isolate,	  so	  45	  plants	  in	  all	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were	  inoculated.	  	  Inoculated	  plants	  remained	  in	  a	  humidity	  chamber	  in	  a	  growth	  room	  
for	  2	  weeks.	  	  Evaluations	  of	  disease	  severity	  were	  conducted	  at	  3,	  7,	  10,	  and	  14	  days	  
after	  inoculation	  (DAI)	  using	  a	  0	  to	  5	  scale	  based	  on	  percentage	  of	  the	  foliage	  that	  
exhibited	  symptoms:	  	  0=0%,	  1=1-­‐25%,	  2=26-­‐50%,	  3=51-­‐75%,	  4=76-­‐99%,	  5=100%.	  	  
Differences	  in	  disease	  severity	  on	  plants	  of	  one	  cultivar	  were	  assumed	  to	  have	  been	  
caused	  by	  differences	  in	  virulence	  among	  the	  isolates,	  with	  more	  virulent	  isolates	  
causing	  symptoms	  on	  a	  higher	  percentage	  of	  foliage.	  
Statistical	  analysis.	  	  Results	  for	  each	  cultivar	  were	  analyzed	  independently	  with	  
JMP	  ver.	  10	  (SAS	  Institute	  Inc.,	  Cary,	  North	  Carolina,	  USA)	  after	  combining	  results	  from	  
the	  two	  trials.	  	  A	  90%	  confidence	  interval	  (i.e.,	  α=0.10)	  was	  used	  in	  each	  study	  because	  
of	  the	  inherent	  variability	  attributed	  to	  the	  host-­‐pathogen	  system.	  	  Data	  were	  analyzed	  
using	  the	  median	  value	  of	  each	  range	  in	  the	  disease	  severity	  scale.	  	  A	  two-­‐way	  analysis	  
of	  variance	  (ANOVA)	  was	  conducted	  to	  determine	  the	  main	  effects	  of	  isolate	  and	  DAI	  on	  




Each	  isolate	  of	  P.	  nicotianae	  used	  in	  this	  study	  was	  virulent	  on	  at	  least	  one	  
cultivar	  of	  P.	  paniculata—with	  six	  isolates	  virulent	  on	  all	  three	  cultivars,	  two	  isolates	  
virulent	  on	  two	  cultivars,	  and	  one	  isolate	  (Fpur)	  virulent	  on	  only	  one	  cultivar	  (Table	  4.2).	  	  
Isolates	  varied	  significantly	  in	  virulence	  on	  each	  cultivar	  (Table	  4.2).	  	  On	  P.	  paniculata	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‘Laura’,	  eight	  isolates	  were	  virulent	  with	  isolates	  Vol7	  and	  SC.02-­‐1065	  causing	  the	  
greatest	  amount	  of	  disease	  (21.4%	  and	  13.9%,	  respectively)	  and	  the	  other	  seven	  isolates	  
causing	  relatively	  little	  disease.	  	  Disease	  resulting	  from	  inoculation	  with	  isolate	  Flpk	  was	  
minimal	  (1.6%),	  which	  was	  consistent	  with	  results	  from	  a	  previous	  study	  (Chapter	  3).	  	  
On	  P.	  paniculata	  ‘David’,	  six	  isolates	  were	  virulent	  and	  three	  isolates	  caused	  no	  
symptoms	  (Table	  4.2).	  	  Isolate	  Vol7	  was	  most	  virulent	  and	  caused	  the	  greatest	  amount	  
of	  disease	  (22.1%),	  which	  was	  significantly	  greater	  than	  that	  caused	  by	  all	  other	  isolates.	  	  
Isolates	  SC.00-­‐1320	  caused	  a	  moderate	  amount	  of	  disease	  (6.8%)	  that	  was	  significantly	  
greater	  than	  that	  caused	  by	  six	  of	  the	  seven	  other	  isolates.	  	  Disease	  resulting	  from	  
isolate	  Flpk	  (3.9%)	  was	  similar	  to	  that	  caused	  by	  SC.00.1320,	  and	  this	  was	  consistent	  
with	  results	  from	  the	  previous	  study	  (Chapter	  3).	  
On	  P.	  paniculata	  ‘Shockwave’,	  all	  nine	  isolates	  were	  virulent—with	  isolates	  Flpk,	  
Vol7,	  and	  SC.00.1320	  being	  most	  virulent	  (Table	  4.2).	  	  These	  three	  isolates	  caused	  the	  
greatest	  amounts	  of	  disease,	  which	  were	  significantly	  greater	  than	  the	  amounts	  of	  
disease	  caused	  by	  the	  other	  six	  isolates.	  	  The	  amounts	  of	  disease	  caused	  by	  these	  other	  
six	  isolates	  (i.e.,	  SC.02-­‐1065,	  Flil,	  Fpur,	  Twbe,	  Twf,	  and	  Vol1)	  were	  less	  than	  4%	  and	  
relatively	  minor.	  	  The	  relatively	  large	  amount	  of	  disease	  resulting	  from	  inoculation	  with	  
isolate	  Flpk	  was	  consistent	  with	  results	  from	  the	  previous	  study	  (Chapter	  3).	  
Disease	  severity	  on	  each	  cultivar	  increased	  over	  the	  course	  of	  the	  14-­‐day	  
experimental	  period	  (Table	  4.2).	  	  On	  P.	  paniculata	  ‘Laura’,	  the	  increase	  in	  disease	  
severity	  from	  0.6%	  at	  3	  DAI	  to	  10.5%	  at	  14	  DAI	  was	  significant	  (P=0.0828).	  	  The	  increase	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in	  disease	  severity	  over	  time	  (2.0	  %	  to	  5.1%)	  also	  was	  significant	  (P=0.0354)	  on	  P.	  
paniculata	  ‘David’.	  	  The	  interaction	  between	  the	  factors	  of	  DAI	  and	  Isolate	  for	  this	  
cultivar	  was	  significant	  but	  appeared	  to	  be	  caused	  by	  a	  lack	  of	  data	  at	  3	  DAI,	  so	  it	  was	  
disregarded.	  	  The	  change	  in	  disease	  severity	  over	  time	  on	  P.	  paniculata	  ‘Shockwave’	  was	  
not	  significant	  (P=0.6630),	  despite	  an	  increase	  from	  5.6%	  at	  3	  DAI	  to	  10%	  of	  foliage	  
expressing	  symptoms	  of	  Phytophthora	  foliage	  blight	  at	  14	  DAI.	  
When	  disease	  severity	  values	  were	  summed	  over	  all	  isolates	  for	  each	  cultivar,	  P.	  
paniculata	  ‘Shockwave’	  appeared	  to	  be	  the	  most	  susceptible	  cultivar	  (Table	  4.2).	  
Likewise,	  when	  disease	  severity	  values	  for	  each	  isolate	  were	  summed	  across	  all	  three	  
cultivars,	  overall	  virulence	  among	  isolates	  of	  P.	  nicotianae	  could	  be	  compared	  (Table	  
4.2).	  	  Isolate	  Vol7	  was	  highly	  virulent,	  isolates	  SC.00-­‐1320,	  Flpk,	  and	  SC.02-­‐1065	  were	  
virulent,	  isolates	  Vol1,	  Flil,	  Twf,	  and	  Twbe	  were	  moderately	  virulent,	  and	  isolate	  Fpur	  
was	  only	  weakly	  virulent	  on	  the	  three	  cultivars	  used	  in	  this	  study.	  	  
	  
DISCUSSION	  AND	  CONCLUSION	  
	  
In	  this	  study,	  nine	  isolates	  of	  P.	  nicotianae	  that	  had	  been	  recovered	  from	  the	  
crowns,	  stems,	  and	  leaves	  of	  diseased	  phlox	  plants,	  primarily	  garden	  phlox,	  were	  
evaluated	  for	  virulence	  on	  the	  foliage	  of	  three	  cultivars	  of	  P.	  paniculata	  that	  had	  
exhibited	  differential	  susceptibility	  to	  a	  single	  isolate	  of	  P.	  nicotianae	  in	  a	  previous	  study	  
(Chapter	  3).	  	  Each	  isolate	  was	  virulent	  on	  at	  least	  one	  of	  the	  cultivars	  of	  P.	  paniculata,	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and	  virulence	  among	  the	  nine	  isolates	  varied	  significantly	  on	  each	  of	  the	  cultivars—
Laura,	  David,	  and	  Shockwave.	  	  Pathogenicity	  of	  P.	  nicotianae	  on	  P.	  paniculata	  was	  
consistent	  with	  results	  from	  previous	  studies	  that	  documented	  the	  pathogenicity	  of	  this	  
pathogen	  to	  several	  other	  cultivars	  of	  garden	  phlox	  (Chapters	  2	  and	  3).	  	  It	  is	  noteworthy	  
that	  isolate	  Fpur	  was	  the	  isolate	  chosen	  arbitrarily	  for	  the	  initial	  studies	  on	  pathogenicity	  
(Chapter	  2)	  because	  this	  isolate	  was	  the	  least	  virulent	  isolate	  on	  the	  three	  cultivars	  of	  P.	  
paniculata	  and	  under	  the	  experimental	  conditions	  used	  in	  this	  study.	  	  	  
The	  three	  cultivars	  used	  in	  this	  study—Laura,	  David,	  and	  Shockwave—were	  
selected	  as	  differentials	  based	  on	  relative	  susceptibility	  to	  isolate	  Flpk	  in	  a	  previous	  
study	  (Chapter	  3).	  	  Results	  with	  isolate	  Flpk	  reported	  here	  are	  consistent	  with	  those	  
reported	  previously—i.e.,	  Shockwave	  was	  most	  susceptible,	  David	  was	  intermediate	  in	  
susceptibility,	  and	  Laura	  was	  least	  susceptible	  to	  isolate	  Flpk—and	  this	  isolate	  was	  one	  
of	  the	  more	  virulent	  isolates	  used	  based	  on	  the	  sum	  of	  disease	  severity	  ratings	  across	  
the	  three	  cultivars.	  Isolates	  Vol7,	  Flpk,	  SC.00-­‐1320,	  and	  SC.02-­‐1065	  also	  were	  more	  
virulent	  than	  the	  other	  isolates,	  but	  only	  isolate	  Vol7	  showed	  relatively	  consistent	  
virulence	  on	  all	  three	  cultivars.	  	  All	  other	  isolates	  exhibited	  differential	  virulence—i.e.,	  
being	  more	  virulent	  on	  one	  cultivar	  and	  less	  virulent	  on	  the	  other	  cultivars—or	  relatively	  
low	  virulence	  on	  all	  three	  cultivars.	  	  The	  consistent	  virulence	  of	  isolate	  Vol7	  suggests	  
that	  this	  isolate	  would	  have	  been	  a	  better	  candidate	  with	  which	  to	  prove	  pathogenicity	  
and	  assess	  cultivar	  susceptibility	  to	  infection	  by	  P.	  nicotianae	  in	  previous	  studies.	  
Overall,	  incidence	  and	  severity	  of	  disease	  were	  low	  despite	  using	  incubation	  conditions	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of	  warm	  temperatures	  and	  high	  relative	  humidity	  that	  are	  favorable	  to	  P.	  nicotianae	  
(Erwin	  &	  Ribeiro	  1996),	  but	  this	  is	  consistent	  with	  results	  from	  previous	  experiments	  
(Chapters	  2	  and	  3).	  	  Consistent	  infection	  and	  disease	  development	  with	  this	  host-­‐
pathogen	  combination	  has	  been	  a	  challenge.	  
Significant	  differences	  and	  variation	  in	  isolate	  virulence	  on	  P.	  paniculata	  ‘Laura’,	  
‘David’,	  and	  ‘Shockwave’	  suggest	  non-­‐uniformity	  within	  the	  population	  of	  P.	  nicotianae	  
within	  the	  nurseries	  from	  which	  isolates	  were	  collected.	  	  Matheron	  and	  Matejka	  (1990),	  
using	  isolates	  from	  different	  host	  plant	  species,	  have	  suggested	  that	  such	  variation	  in	  
isolate	  virulence	  may	  be	  attributed	  to	  the	  unique	  host	  profile	  of	  an	  individual	  isolate.	  	  
Recently,	  Jeffers	  and	  Meadows	  (2011)	  demonstrated	  a	  wide	  range	  of	  virulence	  among	  a	  
large	  population	  of	  isolates	  of	  P.	  nicotianae	  from	  annual	  vinca	  (Catharanthus	  roseus).	  	  
Results	  from	  another	  study	  suggest	  that	  greater	  isolate	  virulence,	  disease	  incidence,	  and	  
disease	  severity	  accompany	  isolates	  that	  originated	  from	  the	  host	  plant	  being	  
inoculated	  while	  isolates	  that	  only	  weakly	  infect	  a	  specific	  host	  plant	  may	  have	  
originated	  from	  a	  different	  host	  (Taylor	  et	  al.	  2012).	  	  Likewise,	  Eisenmann	  (2003)	  found	  
that	  isolates	  of	  P.	  nicotianae	  recovered	  from	  ornamental	  plants	  exhibited	  host	  
specificity.	  Additional	  research	  into	  the	  population	  structure	  of	  P.	  nicotianae	  on	  P.	  
paniculata	  needs	  to	  be	  conducted	  to	  elucidate	  these	  differences.	  
In	  this	  study,	  plants	  were	  inoculated	  by	  misting	  leaves	  and	  stems	  with	  a	  zoospore	  
suspension;	  this	  inoculation	  method	  was	  effective	  at	  replicating	  symptoms	  of	  
Phytophthora	  foliage	  blight	  on	  P.	  paniculata	  that	  was	  seen	  in	  the	  nursery.	  	  In	  addition,	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these	  symptoms	  were	  consistent	  with	  those	  seen	  in	  previous	  experiments	  (Chapters	  2	  
and	  3);	  discrete	  lesions	  first	  appeared	  along	  the	  margins	  of	  succulent	  leaves	  prior	  to	  
coalescence	  and	  advancement	  into	  stems	  (Figure	  4.2).	  	  However,	  the	  lack	  of	  consistent	  
infection	  and	  disease	  development	  under	  the	  humidity	  chamber	  conditions	  used	  in	  this	  
study	  suggests	  that	  other	  factors	  that	  provide	  a	  more	  conducive	  environment	  may	  be	  
present	  in	  the	  nursery—where	  this	  disease	  can	  be	  very	  destructive.	  	  The	  results	  with	  the	  
zoospore	  inoculation	  method	  further	  suggest	  that	  Phytophthora	  foliage	  blight	  develops	  
from	  the	  introduction	  of	  propagules	  of	  P.	  nicotianae	  to	  an	  infection	  court	  above	  ground	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Table	  4.2.	  	  Disease	  severity	  on	  three	  cultivars	  of	  Phlox	  paniculata	  14	  days	  after	  
inoculation	  (DAI)	  with	  zoospores	  of	  nine	  isolates	  of	  Phytophthora	  nicotianaez	  
	   	   Foliage	  with	  symptoms	  (%)y	  
Factor	   Level	   Laura	   	   David	   	   Shockwave	  
Sum	  of	  
all	  cultivars	  
Isolate	   Vol7	   21.4	  	  a	   	   22.1	  	  a	   	   19.4	  	  a	   62.9	  
	   SC.02-­‐1065	   13.9	  	  ab	   	   1.7	  	  abcd	   	   3.9	  	  ab	   19.5	  
	   Vol1	   4.7	  	  abc	   	   0.0	  	  abcd	   	   3.3	  	  ab	   8.0	  
	   SC.00-­‐1320	   3.5	  	  abc	   	   6.8	  	  ab	   	   16.7	  	  a	   27.0	  
	   Flpk	   1.6	  	  abc	   	   3.9	  	  abc	   	   21.2	  	  a	   26.7	  
	   Twbe	   1.3	  	  abc	   	   0.4	  	  abcd	   	   1.3	  	  ab	   3.0	  
	   Flil	   1.0	  	  abc	   	   0.0	  	  abcd	   	   3.6	  	  ab	   4.6	  
	   Twf	   0.7	  	  abc	   	   0.9	  	  abcd	   	   1.6	  	  ab	   3.2	  
	   Fpur	   0.0	  	  abc	   	   0.0	  	  abcd	   	   0.7	  	  ab	   0.7	  
	   Sum	  of	  all	  isolates	   48.1	   	   35.8	   	   71.7	   	  
	   LSD	  (P=0.10)	   10.3	   	   3.6	   	   9.0	   	  
	   	   	   	   	   	   	   	  DAI	   3	   0.6	  	  abc	   	   …x	   	   5.6	   6.2	  
	   7	   2.9	  	  abc	   	   2.0	  	  ab	   	   8.1	   13.0	  
	   10	   7.4	  	  ab	   	   4.8	  	  a	   	   8.1	   20.3	  
	   14	   10.5	  	  a	   	   5.1	  	  a	   	   10.0	   25.6	  
	   LSD	  (P=0.10)	   6.9	   	   2.1	   	   ns	   	  
	   	   	   	   	   	   	   	  2-­‐way	  ANOVAw	   df	   P	  >	  F	   	   df	   P	  >	  F	   	   df	   P	  >	  F	   	  
Isolate	   8	   0.0124	   	   8	   <0.0001	   	   8	   0.0003	   	  
DAI	   3	   0.0828	   	   3	   0.0354	   	   3	   0.6630	   	  
Isolate×DAI	   24	   0.7933	   	   24	   0.0603	   	   24	   1.0000	   	  
z	   Cultivars	  were	  selected	  based	  on	  relative	  susceptibilities	  to	  isolate	  Flpk	  of	  P.	  
nicotianae	  reported	  in	  Chapter	  2:	  	  Laura=mildly	  susceptible,	  David=moderately	  
susceptible,	  and	  Shockwave=very	  susceptible.	  	  A	  suspension	  of	  3×104	  zoospores	  ml-­‐1	  
for	  each	  isolate	  was	  prepared	  and	  used	  as	  inoculum.	  	  Inocula	  were	  sprayed	  on	  the	  
foliage	  of	  plants	  until	  drip.	  
y	   Disease	  severity	  on	  plants	  was	  evaluated	  on	  a	  scale	  of	  0	  to	  5	  based	  on	  percentage	  of	  
foliage	  with	  symptoms	  at	  3,	  7,	  10,	  and	  14	  DAI:	  	  0=0%,	  1=1-­‐25%,	  2=26-­‐50%,	  3=51-­‐75%,	  
4=76-­‐99%,	  5=100%.	  	  Median	  values	  of	  each	  range	  were	  used	  for	  analyses.	  	  Means	  
within	  a	  column	  for	  each	  level	  of	  a	  factor	  that	  have	  a	  letter	  in	  common	  are	  not	  
significantly	  different	  based	  on	  Fisher’s	  protected	  least	  significant	  difference	  (LSD)	  
with	  α=0.10;	  ns=not	  significant.	  
x	   Disease	  severity	  was	  not	  evaluated	  at	  3	  DAI	  for	  P.	  paniculata	  ‘David.’	  
w	  Two-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  main	  effects	  of	  isolate	  and	  DAI	  (n=10	  
for	  each	  isolate-­‐cultivar	  combination);	  df=degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  
of	  a	  greater	  value	  for	  the	  F	  statistic	  occurring.
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Figure	  4.1.	  	  The	  humidity	  chamber	  used	  to	  generate	  and	  maintain	  high	  relative	  humidity	  
throughout	  the	  experimental	  period	  in	  this	  study.	  	  Output	  from	  an	  ultrasonic	  humidifier	  
was	  circulated	  throughout	  the	  chamber	  by	  a	  small	  intake	  fan	  (not	  visible),	  and	  vents	  
















Figure	  4.2.	  	  Characteristic	  symptoms	  of	  Phytophthora	  foliage	  blight	  on	  garden	  phlox,	  
Phlox	  paniculata,	  after	  inoculation	  with	  isolate	  Vol7	  of	  P.	  nicotianae.	  	  At	  3	  days	  after	  
inoculation,	  lesions	  began	  to	  develop	  along	  margins	  of	  young,	  succulent	  leaves	  prior	  to	  
progressing	  into	  stems	  (A).	  	  At	  14	  days	  after	  inoculation,	  coalescing	  lesions	  had	  
expanded	  across	  leaves	  and	  into	  the	  main	  stem	  (B).	  	  Aerial	  hyphae	  occasionally	  were	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IMPORTANCE	  OF	  RESEARCH	  FINDINGS	  
	  
Phytophthora	  foliage	  blight	  of	  garden	  phlox	  (Phlox	  paniculata)	  –	  caused	  by	  
Phytophthora	  nicotianae	  –	  consistently	  has	  been	  seen	  in	  nursery	  and	  greenhouse	  
production	  facilities	  in	  South	  Carolina	  for	  many	  years.	  	  Such	  facilities	  expend	  
considerable	  resources	  to	  minimize	  the	  threat	  of	  this	  disease	  on	  garden	  phlox.	  	  Thus,	  
knowledge	  of	  this	  pathosystem	  is	  vital	  to	  the	  preservation	  and	  growth	  of	  the	  floriculture	  
industry	  in	  South	  Carolina;	  however,	  little	  is	  known	  regarding	  this	  pathosystem.	  	  The	  
main	  objective	  of	  this	  study	  was	  to	  follow	  the	  concepts	  of	  the	  disease	  triangle	  (i.e.,	  the	  
synchronous	  occurrence	  of	  a	  susceptible	  host	  and	  a	  virulent	  pathogen	  within	  a	  
conducive	  environment)	  to	  elucidate	  the	  relationship	  between	  P.	  paniculata	  and	  P.	  
nicotianae.	  	  This	  was	  accomplished	  by	  several	  sets	  of	  experimental	  objectives:	  (i)	  to	  
document	  and	  improve	  pathogenicity	  through	  the	  evaluation	  of	  inoculation	  
methodologies;	  (ii)	  to	  evaluate	  the	  role	  of	  relative	  humidity	  (RH)	  in	  infection	  and	  
subsequent	  disease	  development;	  (iii)	  to	  assess	  the	  susceptibilities	  of	  cultivars	  of	  P.	  
paniculata	  to	  infection;	  and	  (iv)	  to	  assess	  the	  virulence	  of	  isolates	  of	  P.	  nicotianae.	  
Pathogenicity	  of	  P.	  nicotianae	  on	  P.	  paniculata.	  	  This	  study	  confirmed	  that	  
Phytophthora	  nicotianae	  is	  the	  causal	  agent	  of	  Phytophthora	  foliage	  blight	  on	  garden	  
phlox	  (Phlox	  paniculata)	  according	  to	  Koch’s	  Postulates	  for	  proving	  pathogenicity	  
(Chapter	  2).	  	  Results	  from	  infesting	  soil	  with	  V8-­‐vermiculite	  inoculum	  showed	  that	  P.	  
paniculata	  ‘Flame	  Pink’,	  ‘Flame	  Light	  Pink’,	  ‘Flame	  Purple’,	  and	  ‘Flame	  White	  Eye’	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differed	  in	  susceptibility	  to	  isolates	  Flpk,	  Fpur,	  and	  Flil	  of	  P.	  nicotianae.	  	  Results	  also	  
suggested	  that	  differences	  among	  isolates	  of	  P.	  nicotianae	  exist	  and	  may	  influence	  
disease	  development	  on	  P.	  paniculata.	  	  However,	  this	  inoculation	  method	  was	  
ineffective	  at	  reproducing	  the	  symptoms	  of	  Phytophthora	  foliage	  blight	  on	  P.	  paniculata	  
that	  are	  seen	  in	  the	  field;	  results	  suggested	  that	  belowground	  parts	  of	  garden	  phlox	  are	  
not	  the	  primary	  infection	  court	  for	  the	  development	  of	  Phytophthora	  foliage	  blight.	  	  
Additional	  inoculation	  methods	  improved	  estimation	  of	  pathogenicity	  of	  P.	  
nicotianae	  on	  P.	  paniculata	  (Chapter	  2).	  	  A	  suspension	  containing	  zoospores	  of	  isolate	  
Fpur	  of	  P.	  nicotianae	  at	  3×104	  zoospores	  ml-­‐1	  was	  sprayed	  onto	  foliage	  of	  P.	  paniculata	  
‘Peacock	  Cherry	  Red’	  and	  ‘Flame	  Purple’	  plants,	  resulting	  in	  symptoms	  of	  disease	  that	  
were	  similar	  to	  those	  seen	  in	  the	  field.	  	  However,	  disease	  consistently	  developed	  only	  
after	  a	  72-­‐hour	  infection	  period	  in	  warm,	  humid	  conditions;	  disease	  did	  not	  develop	  
consistently	  following	  a	  24-­‐hour	  infection	  period	  at	  the	  same	  conditions.	  	  It	  was	  
concluded	  that	  propagules	  of	  P.	  nicotianae	  must	  be	  present	  on	  foliage	  for	  more	  than	  24	  
hours	  in	  warm,	  moist	  conditions	  for	  disease	  to	  develop.	  	  Thus,	  targeting	  the	  foliage	  of	  
garden	  phlox	  with	  appropriate	  management	  strategies	  may	  minimize	  the	  incidence	  and	  
severity	  of	  Phytophthora	  foliage	  blight.	  	  These	  results	  also	  suggest	  that	  infested	  
irrigation	  water	  may	  be	  the	  source	  of	  inoculum	  for	  Phytophthora	  foliage	  blight	  in	  the	  
nursery	  because	  symptoms	  only	  occurred	  when	  foliage	  was	  misted	  with	  zoospores	  and	  
not	  when	  propagules	  in	  infested	  soil	  could	  have	  splashed	  onto	  the	  foliage.	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   Effect	  of	  relative	  humidity	  on	  disease.	  	  Following	  inoculation	  with	  suspensions	  
containing	  zoospores	  of	  P.	  nicotianae,	  this	  study	  confirmed	  that	  consistently	  high	  RH	  
levels	  (i.e.,	  near	  100%)	  throughout	  a	  72-­‐hour	  infection	  period	  favored	  infection	  of	  P.	  
paniculata	  ‘Laura’	  by	  isolate	  Flpk	  of	  P.	  nicotianae	  (Chapter	  2).	  	  Although	  some	  disease	  
developed	  on	  P.	  paniculata	  plants	  held	  at	  moderate	  RH	  levels	  (i.e.,	  88%)	  for	  a	  72-­‐hour	  
infection	  period,	  disease	  severity	  was	  not	  significantly	  different	  than	  that	  at	  ambient	  RH	  
levels	  (i.e.,	  54%).	  	  	  This	  study	  also	  showed	  that	  post-­‐infection	  period	  RH	  levels	  were	  
inconsequential	  to	  disease	  development.	  	  Efforts	  to	  minimize	  RH	  throughout	  the	  
production	  cycle	  of	  P.	  paniculata	  (e.g.,	  the	  use	  of	  drip	  versus	  overhead	  irrigation,	  
increased	  air	  circulation,	  well-­‐draining	  nursery	  beds,	  etc.)	  may	  abate	  the	  threat	  of	  
Phytophthora	  foliage	  blight	  in	  areas	  where	  P.	  nicotianae	  is	  established.	  
	   Cultivar	  susceptibility	  to	  infection.	  	  Two	  methodologies	  were	  developed	  (i.e.,	  
detached-­‐leaf	  and	  whole-­‐plant	  assays)	  and	  were	  proven	  to	  be	  effective	  in	  the	  
assessment	  of	  the	  susceptibilities	  of	  cultivars	  of	  P.	  paniculata	  to	  infection	  by	  P.	  
nicotianae	  (Chapter	  3).	  	  In	  both	  assays,	  it	  was	  confirmed	  that	  cultivars	  of	  P.	  paniculata	  
differed	  in	  susceptibility	  to	  infection	  by	  P.	  nicotianae.	  	  Disease	  was	  most	  severe	  on	  P.	  
paniculata	  ‘Shockwave’,	  ‘Peacock	  White’,	  ‘Blue	  Flame’,	  ‘Early	  Pink	  50’,	  ‘Flame	  Pink’,	  and	  
‘Flame	  Purple’.	  	  Additionally,	  both	  assays	  confirmed	  that	  wounding	  of	  plants	  resulted	  in	  
greater	  susceptibility	  to	  infection	  by	  P.	  nicotianae.	  	  Careful	  production	  (i.e.,	  to	  avoid	  
wounding)	  of	  cultivars	  of	  P.	  paniculata	  that	  are	  less	  susceptible	  to	  infection	  by	  P.	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nicotianae	  may	  greatly	  reduce	  the	  resources	  required	  to	  manage	  Phytophthora	  foliage	  
blight	  in	  South	  Carolina	  nursery	  and	  greenhouse	  facilities.	  	  
	   Isolate	  virulence.	  	  This	  study	  confirmed	  that	  isolates	  of	  P.	  nicotianae	  differed	  in	  
virulence	  on	  cultivars	  of	  P.	  paniculata	  (Chapter	  3).	  	  Three	  cultivars	  of	  P.	  paniculata	  were	  
used	  as	  differentials	  for	  the	  assessment	  of	  isolate	  virulence	  based	  on	  results	  from	  the	  
detached-­‐leaf	  assay	  used	  in	  Chapter	  3:	  	  P.	  paniculata	  ‘Laura’	  (weakly	  susceptible),	  
‘David’	  (moderately	  susceptible),	  and	  ‘Shockwave’	  (highly	  susceptible).	  	  Isolate	  Vol7	  of	  P.	  
nicotianae	  was	  consistently	  highly	  virulent	  on	  each	  cultivar	  whereas	  other	  isolates	  (e.g.,	  
Flpk)	  were	  highly	  virulent	  on	  a	  single	  cultivar	  and	  weakly	  virulent	  or	  avirulent	  on	  others.	  	  
This	  study	  also	  provided	  further	  evidence	  that	  disease	  severity	  increases	  over	  time	  




	   Each	  component	  of	  the	  disease	  triangle	  may	  hold	  a	  wealth	  of	  information	  
concerning	  Phytophthora	  foliage	  blight	  of	  garden	  phlox.	  	  Thus,	  further	  research	  
concerning	  the	  susceptibility	  of	  P.	  paniculata,	  the	  virulence	  of	  P.	  nicotianae,	  and	  the	  
conduciveness	  of	  the	  environment	  in	  which	  this	  disease	  is	  found	  could	  be	  undertaken.	  	  
Several	  supplemental	  studies	  were	  conducted	  that	  may	  be	  useful	  in	  considering	  future	  
research	  (Appendices).	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Additional	  cultivars	  of	  P.	  paniculata	  should	  be	  evaluated	  for	  susceptibility	  to	  
infection	  by	  P.	  nicotianae.	  	  Because	  of	  the	  variation	  in	  virulence	  among	  isolates	  and	  the	  
differences	  in	  susceptibility	  of	  cultivars,	  multiple	  isolates	  of	  P.	  nicotianae	  should	  be	  used	  
in	  such	  evaluations	  to	  provide	  a	  more	  realistic	  measure	  of	  susceptibility	  of	  garden	  phlox	  
to	  this	  pathogen.	  	  Moreover,	  additional	  assessments	  of	  cultivar	  susceptibility	  need	  to	  be	  
conducted	  in	  field	  plots,	  as	  the	  influence	  of	  environmental	  factors	  on	  disease	  
development	  is	  not	  fully	  understood.	  	  Molecular	  analyses	  of	  P.	  paniculata	  also	  may	  
show	  a	  genetic	  and	  physiological	  basis	  for	  cultivar	  susceptibility	  to	  infection	  by	  P.	  
nicotianae.	  
In	  this	  project,	  the	  mating	  types	  and	  other	  phenotypic	  characters	  of	  the	  isolates	  
were	  not	  determined,	  and	  isolates	  recovered	  from	  outside	  of	  South	  Carolina	  were	  not	  
evaluated;	  analyses	  of	  the	  distribution	  and	  population	  structure	  of	  P.	  nicotianae	  
recovered	  from	  diseased	  garden	  phlox	  needs	  to	  be	  conducted.	  	  Additionally,	  more	  
research	  on	  the	  virulence	  of	  P.	  nicotianae	  on	  garden	  phlox	  may	  provide	  a	  greater	  
understanding	  of	  the	  potential	  of	  the	  incidence	  and	  severity	  of	  Phytophthora	  foliage	  
blight	  within	  production	  facilities	  and	  in	  the	  landscape.	  
Finally,	  other	  abiotic	  factors	  (e.g.,	  salinity	  and	  fertilizers,	  temperature,	  light,	  etc.)	  
may	  be	  involved	  in	  the	  initiation	  and	  perpetuation	  of	  this	  pathosystem,	  and	  the	  
influences	  of	  these	  factors	  on	  the	  development	  of	  Phytophthora	  foliage	  blight	  on	  garden	  
phlox	  have	  yet	  to	  be	  understood.	  	  Additional	  studies	  of	  the	  effects	  of	  such	  










Numerous	  types	  of	  inoculum	  have	  been	  developed	  for	  experiments	  with	  
Phytophthora	  diseases	  (Erwin	  &	  Ribeiro	  1996).	  	  Of	  these,	  vermiculite	  moistened	  with	  V8	  
juice	  has	  become	  a	  commonly	  used	  medium	  for	  soil	  infestation	  experiments	  with	  
Phytophthora	  root	  and	  crown	  diseases.	  	  A	  previous	  study	  investigated	  the	  efficacies	  of	  
1%,	  2%,	  and	  4%	  (i.e.,	  2	  ml,	  4	  ml,	  and	  8	  ml,	  respectively,	  in	  200	  ml	  of	  V8-­‐vermiculite)	  
densities	  of	  inoculum	  (by	  volume)	  containing	  an	  isolate	  of	  Phytophthora	  nicotianae	  and	  
periodic	  flooding	  to	  develop	  a	  standard	  inoculation	  method	  to	  use	  in	  soil	  infestation	  
experiments;	  however,	  these	  results	  were	  not	  published	  (Eisenmann,	  2003).	  	  The	  
objective	  of	  this	  study	  was	  to	  use	  a	  similar	  inoculation	  method	  to	  compare	  the	  efficacies	  
of	  2.5	  ml,	  5	  ml,	  and	  10	  ml	  of	  V8-­‐vermiculite	  inoculum	  containing	  an	  isolate	  of	  
Phytophthora	  nicotianae	  to	  cause	  disease	  on	  two	  cultivars	  of	  Phlox	  paniculata.	  
	  
MATERIALS	  AND	  METHODS	  
	  
P.	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  ‘Flame	  Purple’	  and	  ‘Flame	  Pink’	  were	  
obtained	  from	  a	  local	  production	  nursery	  and	  transplanted	  into	  1-­‐liter	  plastic	  pots.	  	  
Plants	  were	  acclimated	  to	  greenhouse	  conditions	  (i.e.,	  14-­‐hour	  photoperiod,	  100	  W×m-­‐2	  
minimum	  light	  intensity,	  and	  25°C	  average	  temperature)	  for	  4	  weeks	  and	  were	  watered	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daily	  to	  soil	  capacity	  and	  fertilized	  weekly	  with	  Peters	  Professional	  20-­‐10-­‐20	  Peat-­‐Lite	  
Special	  water-­‐soluble	  fertilizer	  (Everris	  NA,	  Inc.,	  Netherlands)	  at	  a	  rate	  of	  13.75	  ppm.	  	  
Inoculation,	  observation,	  and	  harvest.	  	  Inoculum	  was	  prepared	  using	  the	  
methods	  reported	  in	  Chapter	  2	  and	  isolate	  Fpur	  of	  P.	  nicotianae.	  	  Inoculations	  were	  
conducted	  simultaneously	  with	  those	  of	  the	  soil	  infestation	  experiment	  (Chapter	  2).	  	  Six	  
plants	  of	  P.	  paniculata	  ‘Flame	  Purple’	  and	  four	  plants	  of	  P.	  paniculata	  ‘Flame	  Pink’	  were	  
inoculated	  with	  each	  of	  two	  inoculum	  doses:	  2.5	  ml	  and	  10	  ml	  of	  V8-­‐vermiculite	  
inoculum	  containing	  isolate	  Fpur	  of	  P.	  nicotianae.	  	  Plants	  were	  photographed	  and	  then	  
rated	  on	  a	  weekly	  basis,	  using	  a	  scale	  from	  0	  to	  4	  based	  on	  the	  percentage	  of	  foliage	  on	  
each	  plant	  with	  symptoms:	  	  0=0-­‐10%,	  1=11-­‐40%,	  2=41-­‐60%,	  3=61-­‐90%,	  and	  4=91-­‐100%.	  	  
Plants	  were	  harvested	  upon	  receiving	  a	  rating	  of	  4	  or	  at	  the	  conclusion	  of	  the	  6-­‐week	  
experimental	  period.	  	  Small	  pieces	  (approximately	  5	  mm	  ×	  5	  mm)	  of	  symptomatic	  tissue	  
from	  harvested	  plants	  were	  embedded	  in	  PARPH-­‐V8	  selective	  medium	  (Ferguson	  &	  
Jeffers	  1999)	  in	  100-­‐mm-­‐diameter	  petri	  plates	  and	  kept	  at	  25°C	  in	  the	  dark	  for	  3	  days.	  	  
Isolation	  plates	  then	  were	  inspected	  for	  typical	  colonies	  of	  P.	  nicotianae	  to	  confirm	  the	  
presence	  of	  the	  pathogen.	  
Experimental	  design.	  	  Using	  the	  soil	  infestation	  study	  reported	  in	  Chapter	  2	  as	  a	  
standard	  of	  comparison,	  this	  supplemental	  study	  followed	  a	  complete	  factorial	  design.	  	  
Six	  replicate	  plants	  of	  P.	  paniculata	  ‘Flame	  Purple’	  and	  four	  replicate	  plants	  of	  P.	  
paniculata	  ‘Flame	  Pink’	  were	  inoculated	  with	  each	  of	  two	  inoculum	  doses:	  2.5	  ml	  or	  10	  
ml	  of	  V8-­‐vermiculite	  inoculum	  containing	  isolate	  Fpur	  of	  P.	  nicotianae.	  	  The	  same	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numbers	  of	  plants	  were	  inoculated	  with	  5	  ml	  of	  inoculum	  in	  the	  experiment	  reported	  in	  
Chapter	  2,	  and	  these	  plants	  were	  used	  to	  provide	  data	  for	  this	  inoculum	  dose	  for	  the	  
experiment	  reported	  here.	  	  This	  experiment	  was	  conducted	  twice	  in	  two	  independent	  
trials.	  
Statistical	  analysis.	  	  Experimental	  results	  from	  this	  study	  were	  independently	  
analyzed	  with	  JMP	  ver.	  10	  (SAS	  Institute	  Inc.,	  Cary,	  North	  Carolina,	  USA).	  	  A	  90%	  
confidence	  interval	  (i.e.,	  α=0.10)	  was	  used	  because	  of	  the	  inherent	  variability	  associated	  
with	  this	  host-­‐pathogen	  system.	  	  Areas	  under	  disease	  progress	  curves	  (AUDPCs)	  were	  
calculated	  for	  assessment	  of	  disease	  severity	  over	  the	  experimental	  period.	  	  A	  two-­‐way	  
analysis	  of	  variance	  (ANOVA)	  was	  used	  to	  evaluate	  the	  effects	  of	  inoculum	  dose	  and	  
cultivar	  on	  disease	  severity.	  	  Because	  the	  interaction	  between	  these	  two	  factors	  was	  
significant,	  one-­‐way	  ANOVAs	  were	  used	  to	  assess	  the	  effect	  of	  inoculum	  dose	  on	  




P.	  nicotianae	  caused	  disease	  on	  both	  cultivars	  of	  P.	  paniculata	  at	  all	  three	  
inoculum	  doses	  (Table	  A.1).	  	  The	  interaction	  between	  inoculum	  dose	  and	  cultivar	  was	  
significant,	  but	  the	  main	  effects	  of	  inoculum	  dose	  and	  cultivar	  were	  not	  significant	  over	  
the	  6-­‐week	  experimental	  period.	  	  Therefore,	  the	  two	  cultivars	  of	  P.	  paniculata	  had	  
similar	  amounts	  of	  disease	  and	  the	  three	  doses	  of	  inoculum	  caused	  similar	  amounts	  of	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disease.	  	  When	  inoculum	  doses	  were	  compared	  on	  the	  two	  cultivars	  separately,	  no	  
statistically	  significant	  difference	  was	  found	  among	  the	  three	  doses	  of	  P.	  nicotianae	  on	  
P.	  paniculata	  ‘Flame	  Purple’	  or	  ‘Flame	  Pink’	  (P=0.4253	  and	  P=0.2400,	  respectively)	  even	  
though	  AUDPC	  values	  varied	  over	  a	  wide	  range	  on	  both	  cultivars	  (Table	  A.1).	  	  Responses	  
to	  the	  three	  doses	  were	  inconsistent	  with	  the	  increase	  in	  dose	  (i.e.,	  there	  was	  not	  a	  
predictable	  increase	  in	  disease	  with	  the	  increase	  in	  inoculum).	  	  Moreover,	  disease	  
severity	  was	  highly	  variable	  for	  each	  dose	  on	  both	  cultivars;	  dosage	  did	  not	  significantly	  
affect	  disease	  severity	  despite	  large	  numerical	  differences	  in	  AUDPC	  values.	  	  Diseased	  
plants	  exhibited	  symptoms	  that	  were	  dissimilar	  from	  those	  seen	  on	  diseased	  plants	  in	  
the	  field;	  symptoms	  were	  systemic	  and	  progressed	  up	  the	  main	  stem	  from	  the	  soil	  
surface.	  
	  
DISCUSSION	  AND	  CONCLUSION	  
	  
As	  a	  supplement	  to	  the	  soil	  infestation	  experiment	  described	  in	  Chapter	  2,	  the	  
effect	  of	  different	  doses	  of	  V8-­‐vermiculite	  inoculum	  infested	  with	  P.	  nicotianae	  isolate	  
Fpur	  on	  the	  development	  of	  disease	  on	  plants	  of	  two	  cultivars	  of	  P.	  paniculata	  was	  
investigated	  in	  this	  study.	  	  Consistent	  with	  experiments	  in	  Chapters	  2,	  3,	  and	  4,	  P.	  
nicotianae	  was	  pathogenic	  on	  P.	  paniculata,	  according	  to	  Koch’s	  postulates;	  isolate	  Fpur	  
of	  P.	  nicotianae	  originally	  collected	  from	  an	  infected	  plant	  in	  a	  nursery	  was	  recovered	  
following	  inoculation	  of	  healthy	  P.	  paniculata	  plants	  with	  inoculum	  containing	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propagules	  of	  the	  pathogen.	  	  However,	  infesting	  container	  mix	  with	  different	  doses	  of	  
inoculum	  did	  not	  result	  in	  consistent	  and	  predictable	  differences	  in	  disease	  severity	  on	  
P.	  paniculata;	  instead,	  all	  three	  doses	  of	  inoculum	  produced	  similar	  levels	  of	  disease	  
when	  the	  container	  mix	  in	  which	  plants	  were	  growing	  was	  infested.	  	  However,	  in	  
Chapter	  4,	  it	  was	  determined	  that	  isolate	  Fpur	  was	  the	  least	  virulent	  of	  the	  nine	  isolates	  
compared.	  	  Therefore,	  the	  lack	  of	  difference	  in	  disease	  severity	  among	  the	  three	  
inoculum	  doses	  may	  be	  due,	  at	  least	  in	  part,	  to	  the	  lack	  of	  virulence	  of	  this	  isolate.	  	  The	  
inconsistency	  in	  disease	  incidence	  and	  severity	  on	  P.	  paniculata	  resulting	  from	  an	  
increased	  inoculum	  load	  suggests	  that	  inoculation	  methods	  should	  continue	  to	  be	  
refined	  to	  take	  into	  consideration	  variation	  in	  virulence	  among	  isolates	  and	  various	  
environmental	  factors	  that	  may	  influence	  the	  development	  of	  Phytophthora	  foliage	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Table	  A.1.	  	  Area	  under	  disease	  progress	  curves	  (AUDPC)	  for	  two	  cultivars	  of	  Phlox	  
paniculata	  grown	  in	  a	  greenhouse	  for	  6	  weeks	  after	  the	  container	  mix	  in	  each	  pot	  was	  
infested	  with	  2.5,	  5,	  or	  10	  ml	  of	  V8-­‐vermiculite	  inoculum	  of	  Phytophthora	  nicotianae	  
	  
	   	   AUDPCz	  
Inoculum	  dose	  (ml)	   	   Flame	  Purple	   	   Flame	  Pink	  
2.5	   	   32.1	   	   12.3	  
5	   	   5.3	   	   86.9	  
10	   	   11.7	   	   23.9	  
LSD	  (P=0.10)	   	   ns	   	   ns	  
	   	   	   	   	   	   	  
1-­‐way	  ANOVAy	   	   df	   P	  >	  F	   	   df	   P	  >	  F	  
Inoculum	  dose	   	   2	   0.4253	   	   2	   0.2400	  
	   	   	   	   	   	   	  
2-­‐way	  ANOVAx	   	   df	   P	  >	  F	   	   	   	  
Cultivar	   	   1	   0.1582	   	   	   	  
Inoculum	  dose	   	   2	   0.3302	   	   	   	  
Cultivar*Dose	   	   2	   0.0902	   	   	   	  
	  	  
z	   AUDPC	  values	  were	  determined	  by	  the	  product	  of	  disease	  severity	  ratings	  and	  elapsed	  
time	  over	  the	  6-­‐week	  experimental	  period.	  	  Disease	  severity	  was	  evaluated	  on	  a	  scale	  
of	  0	  to	  4	  based	  on	  percentage	  of	  foliage	  with	  symptoms:	  0=0-­‐10%,	  1=11-­‐40%,	  2=41-­‐
60%,	  3=61-­‐90%,	  and	  4=91-­‐100%.	  	  Means	  within	  a	  column	  for	  each	  level	  of	  a	  factor	  that	  
have	  a	  letter	  in	  common	  are	  not	  significantly	  different	  based	  on	  Fisher’s	  protected	  
least	  significant	  difference	  (LSD)	  with	  α=0.10.	  	  ns=not	  significant.	  	  (Flame	  Purple:	  	  
n=12;	  Flame	  Pink:	  	  n=8).	  
y	   One-­‐way	  analyses	  of	  variance	  (ANOVA)	  for	  the	  main	  effect	  of	  inoculum	  dose	  on	  each	  
cultivar.	  







Effects	  of	  Salinity	  and	  Flooding	  Stresses	  	  




	   In	  a	  previous	  study,	  standard	  methods	  of	  inoculation	  of	  Phlox	  paniculata	  with	  
Phytophthora	  nicotianae	  failed	  to	  develop	  characteristic	  symptoms	  of	  Phytophthora	  
foliage	  blight	  that	  were	  observed	  in	  a	  nursery	  (Chapters	  2	  and	  3).	  	  These	  results	  
suggested	  that	  other	  factors	  might	  be	  involved	  in	  infection	  by	  P.	  nicotianae	  and	  the	  
subsequent	  development	  of	  foliage	  blight	  on	  P.	  paniculata.	  	  Other	  studies	  have	  shown	  
that	  manipulation	  of	  soil	  salinity	  affects	  incidence	  of	  Phytophthora	  root	  rot	  on	  several	  
plant	  species	  (DiLeo	  et	  al.	  2010,	  Roubtsova	  &	  Bostock	  2009).	  	  In	  healthy	  plants,	  many	  
physiological	  processes	  are	  employed	  to	  remediate	  the	  photoinhibitory	  effects	  of	  
excessive	  abiotic	  stress.	  	  One	  such	  process	  is	  the	  cyclical	  repair	  of	  Photosystem	  II	  (PSII)	  
within	  the	  chloroplast	  (Vasilikiotis	  &	  Melis	  1994).	  	  Under	  normal	  physiological	  
conditions,	  the	  D1	  reaction	  center	  protein	  at	  the	  core	  of	  PSII	  undergoes	  frequent	  
turnover	  every	  several	  hours	  (Pokorska	  et	  al.	  2009,	  Vasilikiotis	  &	  Melis	  1994),	  which	  
maintains	  an	  efficient	  quantum	  yield	  in	  photosynthesis.	  	  However,	  abiotic	  stresses	  (e.g.,	  
chilling,	  drought,	  heat,	  etc.)	  can	  interfere	  with	  PSII	  repair	  and,	  thus,	  decrease	  the	  DI	  
turnover	  rate	  (Allakhverdiev	  &	  Murata	  2004,	  Havaux	  1992,	  Huner	  et	  al.	  1993,).	  	  As	  the	  
quantum	  efficiency	  of	  PSII	  –	  measured	  by	  the	  ratio	  of	  variable	  to	  maximal	  chlorophyll	  
fluorescence	  (Fv/Fm)	  –	  falls	  below	  80%,	  energy	  from	  incoming	  photons	  cannot	  enter	  the	  
z-­‐scheme	  of	  the	  thylakoid	  membrane	  due	  to	  the	  slower	  rate	  of	  PSII	  repair	  and	  may	  be	  
used	  to	  generate	  species	  of	  ions	  and	  free	  radicals	  (Aro	  et	  al.	  1993).	  	  Such	  species	  are	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highly	  reactive	  and	  often	  damage	  other	  cellular	  machinery	  within	  the	  chloroplast.	  	  Thus,	  
Fv/Fm	  values	  below	  the	  80%	  threshold	  serve	  as	  good	  indicators	  of	  plant	  stress	  (Woo	  et	  
al.	  2008).	  	  In	  this	  study,	  the	  effects	  of	  two	  abiotic	  stresses	  –	  salinity	  and	  flooding	  –	  on	  
the	  overall	  health	  of	  plants	  of	  P.	  paniculata	  were	  investigated.	  
	  
MATERIALS	  AND	  METHODS	  
	  
P.	  paniculata	  plants.	  	  Plugs	  of	  P.	  paniculata	  ‘Bright	  Eyes’	  and	  ‘David’	  were	  
obtained	  from	  a	  local	  production	  nursery,	  transplanted	  into	  1-­‐liter	  plastic	  pots	  
containing	  a	  soilless	  container	  mix	  (Fafard	  3B	  Mix:	  Sun	  Gro	  Horticulture,	  Agawam,	  MA),	  
and	  were	  allowed	  4	  weeks	  to	  acclimate	  to	  greenhouse	  conditions	  (i.e.,	  14-­‐h	  
photoperiod,	  100	  W×m-­‐2	  minimum	  light	  intensity,	  and	  25°C	  average	  temperature).	  	  
Plants	  were	  watered	  daily	  to	  soil	  capacity	  and	  fertilized	  weekly	  with	  Peters	  Professional	  
20-­‐10-­‐20	  Peat-­‐Lite	  Special	  water-­‐soluble	  fertilizer	  (Everris	  NA,	  Inc.,	  Netherlands)	  at	  a	  
rate	  of	  13.75	  ppm.	  	  
Preparation	  of	  salt	  solutions.	  	  Saline	  solutions	  were	  prepared	  based	  on	  those	  
used	  previously	  (DiLeo	  et	  al.	  2010,	  Roubtsova	  &	  Bostock	  2009).	  	  Two	  solutions	  were	  
prepared:	  	  a	  concentrated	  saline	  solution	  for	  an	  acute	  stress	  and	  a	  dilute	  saline	  solution	  
for	  a	  chronic	  stress.	  	  The	  concentrated	  saline	  solution	  contained	  0.2	  M	  NaCl	  +	  0.02	  M	  
CaCl2,	  and	  the	  dilute	  saline	  solution	  contained	  0.02	  M	  NaCl	  +	  0.002	  M	  CaCl2.	  	  The	  sodium	  
chloride	  used	  was	  non-­‐iodized	  (Morton	  Salt,	  Inc.,	  Chicago,	  IL)	  and	  the	  calcium	  chloride	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was	  food-­‐grade	  (MySpiceSage,	  Bronx,	  NY).	  
Stress	  treatments	  and	  evaluation.	  	  The	  effect	  of	  salinity	  and	  flooding	  stresses	  on	  
the	  health	  of	  garden	  phlox	  plants	  was	  studied	  using	  eight	  treatments,	  one	  cultivar,	  and	  
three	  replicate	  plants	  per	  treatment:	  
• non-­‐stressed	  control	  –	  watered	  daily	  with	  tap	  water	  
• chronic	  salinity	  stress	  –	  watered	  daily	  with	  dilute	  saline	  solution	  	  
• 4-­‐h	  acute	  salinity	  stress	  –	  flooded	  for	  4	  h	  with	  concentrated	  saline	  solution	  
• 8-­‐h	  acute	  salinity	  stress	  –	  flooded	  for	  8	  h	  with	  concentrated	  saline	  solution	  
• 24-­‐h	  acute	  salinity	  stress	  –	  flooded	  for	  24	  h	  with	  concentrated	  saline	  solution	  
• 4-­‐h	  flooding	  stress	  –	  flooded	  for	  4	  h	  with	  tap	  water	  
• 8-­‐h	  flooding	  stress	  –	  flooded	  for	  8	  h	  with	  tap	  water	  
• 24-­‐h	  flooding	  stress	  –	  flooding	  for	  24	  h	  with	  tap	  water.	  	  	  
Plants	  that	  received	  the	  control	  and	  chronic	  salinity	  stress	  treatments	  were	  watered	  
daily	  to	  field	  capacity	  with	  tap	  water	  and	  dilute	  saline	  solution,	  respectively	  
(approximately	  0.5	  liters/plant).	  	  Acute	  stresses	  were	  imposed	  at	  the	  beginning	  of	  the	  2-­‐
week	  experimental	  period.	  	  Plants	  that	  received	  the	  acute	  salinity	  stress	  treatments	  
were	  placed	  in	  a	  high-­‐walled	  plastic	  tub	  and	  flooded	  with	  approximately	  17	  liters	  of	  
concentrated	  saline	  solution.	  	  Similarly,	  plants	  that	  received	  the	  flooding	  stress	  
treatments	  were	  flooded	  with	  approximately	  17	  liters	  of	  tap	  water.	  	  At	  4,	  8,	  and	  24	  h,	  
three	  plants	  were	  removed	  from	  tubs	  and	  then	  were	  watered	  daily	  to	  field	  capacity	  with	  
tap	  water.	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   Fv/Fm	  values	  (PSII	  efficiencies)	  were	  assessed	  daily	  –	  in	  the	  morning	  (8:00-­‐10:00	  
AM)	  –	  using	  the	  FluorPen	  FP	  100	  (Photon	  Systems	  Instruments,	  Drago,	  Czech	  Republic).	  	  
One	  succulent	  leaf	  per	  replicate	  plant	  was	  adapted	  to	  the	  dark	  for	  30	  min,	  and	  then	  
Fv/Fm	  values	  were	  measured;	  Fv/Fm	  measurements	  were	  taken	  on	  the	  same	  leaves	  
each	  day.	  
Experimental	  design	  and	  statistical	  analysis.	  	  This	  study	  was	  conducted	  using	  an	  
incomplete	  factorial	  design	  and	  contained	  the	  main	  effects	  of	  treatment	  and	  days	  after	  
treatment	  (DAT).	  This	  experiment	  was	  conducted	  twice;	  Bright	  Eyes	  plants	  were	  used	  in	  
trial	  1	  and	  David	  plants	  were	  used	  in	  trial	  2.	  
Experimental	  results	  from	  each	  trial	  were	  analyzed	  independently	  with	  JMP	  ver.	  
10	  (SAS	  Institute	  Inc.,	  Cary,	  NC),	  and	  a	  90%	  confidence	  interval	  (i.e.,	  α=0.10)	  was	  used	  
due	  of	  the	  inherent	  variability	  observed	  in	  this	  host-­‐pathogen	  system.	  	  A	  two-­‐way	  
analysis	  of	  variance	  (ANOVA)	  was	  used	  to	  evaluate	  the	  main	  effects	  of	  treatment	  and	  
DAT	  and	  the	  treatment	  ×	  DAI	  interaction.	  	  This	  interaction	  was	  significant,	  so	  a	  one-­‐way	  
ANOVA	  was	  used	  to	  evaluate	  the	  main	  effect	  of	  treatment	  for	  each	  DAT.	  	  A	  





	   Plants	  of	  P.	  paniculata	  ‘Bright	  Eyes’	  developed	  characteristic	  symptoms	  of	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salinity	  stress	  after	  14	  days	  of	  watering	  with	  a	  dilute	  saline	  solution	  (Figure	  B.1).	  	  
Significant	  differences	  in	  PSII	  efficiency	  measurements	  due	  to	  treatment	  were	  evident	  at	  
1,	  2,	  and	  11	  DAT	  on	  plants	  of	  this	  cultivar	  (Figure	  B.2,	  Table	  B.1).	  	  Low	  Fv/Fm	  values	  (i.e.,	  
below	  the	  80%	  efficiency	  threshold)	  were	  measured	  in	  all	  treatments	  except	  8-­‐h	  and	  24-­‐
h	  flooding	  on	  at	  least	  one	  day,	  but	  these	  values	  were	  not	  significantly	  different	  from	  
those	  recorded	  on	  other	  treatments	  on	  the	  same	  days	  (Table	  B.1).	  	  At	  1	  DAT,	  the	  chronic	  
salt	  stress	  treatment	  yielded	  significantly	  higher	  Fv/Fm	  values	  (84.0%)	  than	  those	  of	  
other	  treatments;	  however,	  PSII	  efficiency	  did	  not	  fall	  below	  the	  80%	  threshold	  value	  in	  
any	  of	  the	  treatments	  on	  this	  day	  (Table	  B.1).	  	  At	  2	  DAT,	  PSII	  efficiency	  of	  plants	  that	  
received	  the	  24-­‐h	  acute	  salt	  stress	  treatment	  (79.3%)	  was	  significantly	  lower	  than	  all	  
other	  treatments	  and	  was	  below	  the	  80%	  threshold	  value	  (Table	  B.1).	  	  Additionally,	  on	  
this	  day	  PSII	  efficiency	  of	  plants	  that	  received	  the	  8-­‐h	  acute	  salt	  stress	  treatment	  (81.3%)	  
was	  significantly	  different	  than	  the	  control	  (84.0%)	  and	  chronic	  (83.3%)	  salt	  stress	  
treatments,	  but	  despite	  these	  differences	  the	  three	  treatments	  were	  not	  below	  the	  80%	  
threshold	  value	  (Table	  B.1).	  	  At	  11	  DAT,	  PSII	  efficiency	  measurements	  on	  plants	  that	  
received	  the	  4-­‐h	  flood	  (73.0%),	  4-­‐h	  salt	  (75.7%),	  and	  chronic	  (79.7%)	  salt	  stress	  
treatments	  were	  below	  80%,	  but	  only	  the	  4-­‐h	  flood	  and	  4-­‐h	  salt	  stress	  treatments	  were	  
significantly	  different	  from	  treatments	  with	  Fv/Fm	  values	  above	  the	  80%	  threshold	  (Table	  
B.1).	  	  	  
	   On	  plants	  of	  P.	  paniculata	  ‘David,’	  there	  was	  a	  significant	  treatment	  effect	  on	  
PSII	  efficiency	  at	  6,	  11,	  12,	  13,	  and	  14	  DAT	  (Table	  B.2),	  and	  symptoms	  of	  salt	  stress	  were	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similar	  to	  those	  seen	  on	  Bright	  Eyes	  plants.	  	  PSII	  efficiency	  measurements	  on	  plants	  fell	  
below	  80%	  in	  each	  treatment	  and	  at	  different	  days,	  but	  Fv/Fm	  values	  were	  not	  
significantly	  different	  from	  those	  above	  80%	  for	  any	  other	  treatment	  on	  these	  days	  
(Table	  B.2).	  	  At	  6	  DAT,	  79.3%	  PSII	  efficiency	  was	  measured	  on	  plants	  in	  the	  8-­‐h	  flood	  
stress	  treatment,	  but	  this	  was	  not	  significantly	  different	  from	  plants	  that	  registered	  at	  or	  
above	  the	  80%	  threshold	  (Table	  B.2).	  	  On	  days	  11	  through	  14,	  PSII	  efficiency	  measured	  
below	  80%	  only	  in	  plants	  that	  received	  the	  chronic	  salt	  stress	  treatment	  and	  these	  
measurements	  were	  significantly	  lowered	  than	  all	  other	  measurements	  on	  these	  4	  days	  
(Table	  B.2).	  	  Other	  significant	  differences	  among	  treatments	  were	  seen	  on	  these	  days,	  




The	  responses	  of	  Bright	  Eyes	  and	  David	  garden	  phlox	  plants	  to	  treatments	  with	  different	  
abiotic	  stresses	  showed	  that	  salinity	  and	  flooding	  stresses	  can	  influence	  plant	  health.	  	  It	  
was	  suspected	  that	  chronic	  salinity	  stress	  would	  have	  an	  effect	  on	  plant	  health	  that	  
would	  become	  progressively	  more	  pronounced	  over	  the	  experimental	  period	  due	  to	  the	  
inability	  of	  PSII	  repair	  to	  meet	  or	  exceed	  the	  rate	  of	  PSII	  damage	  caused	  by	  daily	  
exposure	  to	  a	  dilute	  saline	  solution.	  	  The	  chronic	  salinity	  stress	  treatment	  followed	  this	  
suspected	  outcome	  on	  plants	  of	  P.	  paniculata	  ‘David’	  but	  not	  on	  plants	  of	  P.	  paniculata	  
‘Bright	  Eyes’;	  Fv/Fm	  values	  measured	  on	  David	  plants	  consistently	  decreased	  from	  9	  to	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14	  DAT	  and	  were	  significantly	  different	  from	  those	  on	  plants	  in	  other	  treatments	  on	  
days	  11	  to	  14.	  	  Similarly,	  one	  would	  expect	  to	  see	  a	  temporary	  decrease	  in	  PSII	  efficiency	  
on	  leaves	  of	  garden	  phlox	  plants	  shortly	  after	  treatment	  with	  different	  intervals	  of	  acute	  
abiotic	  stress	  prior	  to	  returning	  to	  healthy	  Fv/Fm	  values.	  	  Only	  Bright	  Eyes	  plants	  at	  2	  DAT	  
that	  were	  exposed	  for24	  h	  to	  a	  concentrated	  saline	  solution	  supported	  this	  hypothesis	  .	  	  
Exposure	  of	  plants	  of	  garden	  phlox	  cultivar	  David	  to	  a	  concentrated	  saline	  solution	  for	  4	  
h	  resulted	  in	  75.7%	  PSII	  efficiency	  at	  2	  DAT	  and	  flooding	  of	  plants	  of	  the	  same	  cultivar	  
for	  24	  h	  resulted	  in	  78.0%	  PSII	  efficiency	  on	  the	  same	  day,	  but	  neither	  of	  these	  
treatments	  was	  significantly	  different	  from	  measurements	  on	  plants	  in	  other	  
treatments.	  	  Although	  exposure	  of	  garden	  phlox	  plants	  to	  acute	  and	  chronic	  salinity	  and	  
flood	  stresses	  did	  affect	  plant	  health	  somewhat,	  the	  two	  cultivars	  used	  in	  this	  study	  did	  
not	  respond	  similarly	  to	  these	  two	  abiotic	  stresses.	  	  Consequently,	  additional	  research	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Figure	  B.1.	  	  Symptoms	  of	  chlorosis	  and	  tip	  burn	  due	  to	  salinity	  stress	  on	  a	  plant	  of	  Phlox	  
paniculata	  ‘Bright	  Eyes’	  at	  12	  days	  of	  watering	  with	  dilute	  salt	  solution.	  	  Despite	  an	  
unhealthy	  appearance,	  quantitative	  assessment	  of	  plant	  health	  did	  not	  indicate	  any	  




Figure	  B.2.	  	  Daily	  measurements	  of	  photosystem	  II	  (PSII)	  efficiency	  over	  2	  weeks	  on	  
plants	  of	  two	  cultivars	  of	  Phlox	  paniculata,	  (A)	  Bright	  Eyes	  and	  (B)	  David,	  that	  were	  not	  
treated	  (control),	  were	  watered	  with	  dilute	  salt	  solution	  (0.02	  M	  NaCl	  +	  0.002	  M	  CaCl2;	  
chronic),	  or	  were	  flooded	  with	  water	  (flood)	  or	  concentrated	  salt	  solution	  (0.2	  M	  NaCl	  +	  






















































	   Phlox	  divaricata	  –	  commonly	  called	  woodland	  phlox,	  wild	  blue	  phlox,	  or	  wild	  
sweet	  William	  –	  is	  widely	  grown	  as	  an	  attractive	  groundcover	  in	  home	  and	  ornamental	  
plant	  gardens	  (Rice	  2006).	  	  This	  plant	  is	  a	  member	  of	  the	  family	  Polemoniaceae	  and	  is	  
closely	  related	  to	  the	  flowering	  perennial	  plant	  Phlox	  paniculata.	  	  Woodland	  phlox	  is	  a	  
slow-­‐growing,	  mounding	  and	  spreading	  perennial	  that	  produces	  fragrant,	  lavender-­‐blue	  
flowers	  from	  early	  spring	  to	  mid-­‐summer	  (Rice	  2006).	  	  This	  species	  of	  Phlox	  is	  native	  to	  
North	  America,	  and	  its	  distribution	  is	  widespread	  in	  shaded	  areas	  with	  moist	  soils	  from	  
New	  Mexico	  eastward	  and	  northward	  to	  Quebec,	  Canada	  (Rice	  2006,	  USDA	  NRCS	  
National	  Plant	  Data	  Team	  n.d.).	  	  Additionally,	  P.	  divaricata	  is	  hardy	  in	  agricultural	  zones	  
4	  to	  8	  (Rice	  2006,	  USDA	  NRCS	  National	  Plant	  Data	  Team	  n.d.).	  	  	  	  
In	  2012,	  a	  production	  nursery	  in	  the	  northeast	  region	  of	  South	  Carolina	  that	  was	  
growing	  P.	  divaricata	  had	  several	  pots	  of	  densely-­‐planted	  plants	  with	  very	  noticeable	  
foliage	  blight	  symptoms.	  	  Symptoms	  occurred	  primarily	  of	  foliage	  in	  the	  center	  of	  the	  
pots	  and	  appeared	  as	  chlorosis,	  wilting,	  and	  necrosis	  along	  main	  stems	  (Figure	  C.1).	  	  Due	  
to	  the	  spreading	  habit	  of	  P.	  divaricata,	  new	  roots	  are	  established	  at	  nodes,	  and	  
symptoms	  appeared	  to	  be	  limited	  by	  such	  nodes.	  	  Isolations	  from	  diseased	  leaf	  and	  
stem	  tissues	  onto	  PARPH-­‐V8	  selective	  medium	  (Ferguson	  &	  Jeffers	  1999)	  revealed	  that	  
Phytophthora	  nicotianae	  had	  colonized	  these	  plants.	  	  Pathogenicity	  of	  P.	  nicotianae	  on	  
P.	  divaricata	  has	  not	  been	  documented	  previously	  (Farr	  et	  al.	  2013,	  Gleason	  et	  al.	  2009),	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so	  the	  etiology	  of	  this	  disease	  has	  not	  yet	  been	  elucidated.	  	  Therefore,	  an	  experiment	  to	  
test	  Koch’s	  Postulates	  for	  Pathogenicity	  was	  conducted	  for	  this	  previously	  non-­‐
documented	  host.	  
	  
MATERIALS	  &	  METHODS	  
	  
Phlox	  divaricata	  plants.	  	  Three-­‐liter	  pots	  of	  healthy	  plants	  of	  P.	  divaricata	  were	  
acquired	  from	  a	  local	  production	  nursery.	  Plants	  were	  divided,	  transplanted	  into	  smaller	  
10-­‐cm-­‐diameter	  pots	  containing	  a	  soilless	  peat-­‐based	  container	  mix	  (Fafard	  3B	  Mix:	  Sun	  
Gro	  Horticulture,	  Agawam,	  MA),	  and	  then	  grown	  for	  4	  weeks	  to	  acclimate	  to	  
greenhouse	  conditions	  (i.e.,	  14-­‐h	  photoperiod,	  100	  W×m-­‐2	  minimum	  light	  intensity,	  and	  
25°C	  average	  temperature).	  	  Plants	  were	  watered	  daily	  to	  soil	  capacity	  and	  fertilized	  
weekly	  with	  Peters	  Professional	  20-­‐10-­‐20	  Peat-­‐Lite	  Special	  water-­‐soluble	  fertilizer	  
(Everris	  NA,	  Inc.,	  The	  Netherlands)	  at	  a	  rate	  of	  13.75	  ppm.	  	  
Inoculation,	  observation,	  and	  harvest.	  	  Two	  isolates	  of	  P.	  nicotianae	  were	  used	  
to	  test	  pathogenicity:	  	  ‘Pdiv’	  (originally	  isolated	  from	  P.	  divaricata)	  and	  ‘Fpur’	  (originally	  
isolated	  from	  P.	  paniculata	  ‘Flame	  Purple’).	  	  A	  suspension	  of	  3×104	  zoospores	  ml-­‐1	  of	  
each	  isolate	  was	  prepared	  as	  described	  previously	  (Chapter	  2).	  	  Eight	  plants	  of	  P.	  
divaricata	  were	  placed	  in	  each	  of	  three	  large,	  high-­‐walled	  plastic	  tubs;	  four	  plants	  in	  
each	  tub	  were	  wounded	  (all	  runners	  were	  cut	  to	  approximately	  5	  cm	  in	  length),	  and	  the	  
other	  four	  plants	  were	  not	  wounded.	  	  All	  plants	  within	  each	  tub	  were	  sprayed	  to	  drip	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with	  one	  of	  the	  treatments:	  distilled	  water	  (control),	  a	  zoospore	  suspension	  of	  isolate	  
Pdiv,	  or	  a	  zoospore	  suspension	  of	  isolate	  Fpur.	  	  Once	  inoculated,	  plants	  were	  placed	  in	  a	  
large	  relative	  humidity	  (RH)	  chamber	  within	  a	  growth	  room	  (Chapter	  2).	  	  Environmental	  
conditions	  in	  the	  RH	  chamber	  were	  maintained	  as	  uniformly	  as	  possible	  throughout	  the	  
2-­‐week	  experimental	  period:	  28	  ±	  3.7°C,	  72	  ±	  19.6%	  RH,	  and	  100	  W×m-­‐2	  light	  intensity	  
for	  a	  14-­‐hour	  photoperiod.	  	  Plants	  were	  evaluated	  at	  3,	  7,	  10,	  and	  14	  days	  after	  
inoculation	  (DAI)	  on	  a	  0	  to	  5	  scale	  based	  on	  the	  percentage	  of	  foliage	  with	  symptoms:	  	  
0=0%	  (healthy);	  1=1-­‐25%;	  2=26-­‐50%;	  3=51-­‐75%;	  4=76-­‐99%;	  5=100%	  (dead).	  	  
Symptomatic	  tissues	  were	  excised	  and	  plated	  onto	  PARPH-­‐V8	  medium	  (Ferguson	  &	  
Jeffers	  1999)	  to	  confirm	  the	  presence	  of	  P.	  nicotianae.	  
Experimental	  design	  and	  analysis.	  	  This	  study	  used	  a	  complete	  factorial	  
treatment	  design	  and	  contained	  the	  factors	  isolate,	  wounding,	  and	  DAI.	  	  The	  experiment	  
was	  conducted	  twice	  in	  two	  independent	  trials.	  	  Results	  were	  analyzed	  with	  JMP	  ver.	  10	  
(SAS	  Institute	  Inc.,	  Cary,	  NC).	  	  A	  90%	  confidence	  interval	  (i.e.,	  α=0.10)	  was	  used	  because	  
of	  the	  inherent	  variability	  attributed	  to	  the	  biological	  interactions	  between	  the	  




	   P.	  nicotianae	  was	  isolated	  from	  diseased	  plants	  of	  P.	  divaricata	  at	  the	  end	  of	  the	  
14-­‐day	  experimental	  period.	  	  However,	  symptoms	  on	  inoculated	  plants	  were	  not	  the	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same	  as	  those	  seen	  in	  the	  nursery	  (Figure	  C.1);	  disease	  developed	  only	  on	  leaves	  that	  
had	  been	  wounded	  prior	  to	  inoculation,	  and	  disease	  did	  not	  spread	  into	  stems	  or	  other	  
parts	  of	  the	  plants.	  	  A	  three-­‐way	  analysis	  of	  variance	  (ANOVA)	  was	  used	  to	  evaluate	  the	  
main	  effects	  of	  inoculum,	  wounding,	  and	  DAI	  and	  the	  three	  two-­‐way	  interactions	  among	  
factors;	  the	  three-­‐way	  interaction	  term	  confounded	  the	  analysis	  and,	  therefore,	  was	  
removed	  (Table	  C.1).	  	  In	  this	  ANOVA,	  the	  main	  effect	  of	  DAI	  was	  not	  significant,	  so	  this	  
disease	  severity	  did	  not	  change	  significantly	  over	  time.	  	  The	  three-­‐way	  ANOVA	  also	  
showed	  a	  significant	  main	  effect	  of	  both	  inoculum	  and	  wounding,	  but	  the	  inoculum	  ×	  
wounding	  interaction	  so	  was	  significant.	  Therefore,	  a	  one-­‐way	  ANOVA	  was	  used	  to	  
evaluate	  the	  simple	  effect	  of	  inoculum	  on	  wounded	  plants	  and	  non-­‐wounded	  plants	  
(Table	  C.1).	  	  Disease	  severity	  was	  very	  mild,	  and	  symptoms	  only	  occurred	  on	  plants	  that	  
had	  been	  wounded	  (Table	  C.1).	  	  Inoculation	  with	  each	  of	  the	  two	  isolates	  of	  P.	  
nicotianae	  caused	  significant	  disease	  on	  P.	  divaricata	  plants	  compared	  to	  plants	  in	  the	  
non-­‐inoculated	  control	  treatment	  (Table	  C.1).	  	  No	  significant	  difference	  was	  seen	  




	   The	  two	  isolates	  of	  P.	  nicotianae	  used	  in	  this	  study	  were	  proven	  to	  be	  pathogenic	  
on	  P.	  divaricata	  when	  Koch’s	  Postulates	  were	  followed.	  	  However,	  symptoms	  on	  
inoculated	  plants	  did	  not	  appear	  the	  same	  as	  those	  observed	  on	  plants	  in	  the	  nursery	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and	  both	  disease	  incidence	  and	  severity	  were	  low.	  	  These	  observations	  suggest	  that	  
other	  factors	  (e.g.,	  abiotic	  conditions	  and	  stresses,	  different	  infection	  courts,	  etc.)	  may	  
play	  a	  role	  in	  infection	  of	  woodland	  phlox	  and	  subsequent	  disease	  development	  in	  the	  
nursery.	  	  	  In	  this	  study,	  wounding	  was	  necessary	  for	  disease	  development	  on	  woodland	  
phlox	  plants.	  	  It	  is	  likely	  that	  wounding	  allowed	  germinating	  zoospores	  of	  P.	  nicotianae	  
to	  bypass	  the	  normal	  barriers	  to	  infection	  on	  these	  plants—i.e.,	  leaf	  cuticle	  and	  
epidermis,	  cell	  walls,	  etc.	  (Freeman	  &	  Beattie	  2008).	  	  Conversely,	  plants	  that	  were	  not	  
wounded	  did	  not	  become	  infected	  by	  P.	  nicotianae,	  so	  again	  this	  suggests	  that	  other	  
factors	  may	  be	  influencing	  infection	  and	  pathogenesis	  in	  the	  nursery	  where	  it	  was	  not	  
obvious	  that	  diseased	  plants	  had	  been	  wounded.	  	  Additional	  research	  is	  needed	  to	  
better	  understand	  the	  pathogenic	  relationship	  between	  P.	  nicotianae	  and	  woodland	  
phlox,	  P.	  divaricata.	  




Farr,	  D.F.,	  and	  Rossman,	  A.Y.	  Fungal	  Databases,	  Systematic	  Mycology	  and	  Microbiology	  
Laboratory,	  ARS,	  USDA.	  Retrieved	  November	  15,	  2013,	  from	  http://nt.ars-­‐
grin.gov/fungaldatabases.	  
Ferguson,	  A.	  J.,	  and	  Jeffers,	  S.	  N.	  1999.	  Detecting	  multiple	  species	  of	  Phytophthora	  in	  
container	  mixes	  from	  ornamental	  crop	  nurseries.	  Plant	  Disease	  83:1129-­‐1136.	  
Freeman,	  B.,	  and	  Beattie,	  G.	  A.	  2008.	  An	  overview	  of	  plant	  defenses	  against	  pathogens	  
and	  herbivores.	  The	  Plant	  Health	  Instructor.	  DOI:10.1094/PHI-­‐I-­‐2008-­‐0226-­‐01.	  
Gleason,	  M.	  L.,	  Daughtrey,	  M.	  L.,	  Chase,	  A.	  R.,	  Moorman,	  G.	  W.,	  and	  Mueller,	  G.	  W.	  
2009.	  Diseases	  of	  Herbaceous	  Perennials.	  American	  Phytopathological	  Society,	  
St.	  Paul,	  MN.	  
Rice,	  G.	  ed.	  2006.	  The	  American	  Horticultural	  Society	  Encyclopedia	  of	  Perennials.	  DK	  
Publishing,	  Inc.,	  New	  York,	  NY.	  
USDA	  NRCS	  National	  Plant	  Data	  Team.	  (n.d.).	  Plants	  profile	  for	  Phlox	  paniculata	  (fall	  





Table	  C.1.	  	  Disease	  incidence	  and	  severity	  on	  wounded	  and	  non-­‐wounded	  plants	  of	  
Phlox	  divaricata	  14	  days	  after	  inoculation	  (DAI)	  with	  zoospores	  of	  two	  isolates	  of	  
Phytophthora	  nicotianae	  or	  not	  inoculated	  (control).	  
	  
	   	   	   Foliage	  with	  symptoms	  (%)z	   	   Disease	  incidence	  (no.)y	  
	   Inoculum	   	   non-­‐wounded	   	   wounded	   	   non-­‐wounded	   	   wounded	  
	   Control	   	   0.0	   	   0.0	  	  b	   	   0	   	   0	  
	   Isolate	  Pdiv	   	   0.0	   	   10.6	  	  a	   	   0	   	   6	  
	   Isolate	  Fpur	   	   0.0	   	   10.6	  	  a	   	   0	   	   7	  
	   LSD	  (P=0.10)	   	   ns	   	   1.7	   	   	   	   	  
	   	   	   	   	   	   	   	   	  
1-­‐way	  ANOVAx	   	   df	   P	  >	  F	   	   df	   P	  >	  F	   	   	   	   	  
Inoculum	   	   2	   …	   	   2	   <0.0001	   	   	   	   	  
	   	   	   	   	   	   	   	   	   	   	  
3-­‐way	  ANOVAw	   	   df	   P	  >	  F	   	   	   	   	   	   	   	  
Inoculum	   	   2	   <0.0001	   	   	   	   	   	   	   	  
Wounding	   	   1	   <0.0001	   	   	   	   	   	   	   	  
DAI	   	   2	   0.3720	   	   	   	   	   	   	   	  
Inoculum	  ×	  Wounding	   	   3	   <0.0001	   	   	   	   	   	   	   	  
Inoculum	  ×	  DAI	   	   6	   0.6852	   	   	   	   	   	   	   	  
Wounding	  ×	  DAI	   	   3	   0.3720	   	   	   	   	   	   	   	  
	  
z	   Disease	  severity	  on	  plants	  was	  evaluated	  on	  a	  scale	  of	  0	  to	  5	  based	  on	  percentage	  of	  
plant	  tissues	  with	  symptoms	  at	  3,	  7,	  10,	  and	  14	  DAI:	  	  0=0%,	  1=1-­‐25%,	  2=26-­‐50%,	  3=51-­‐
75%,	  4=76-­‐99%,	  5=100%;	  median	  values	  of	  each	  range	  were	  used	  for	  analyses.	  	  Means	  
within	  a	  column	  that	  have	  a	  letter	  in	  common	  are	  not	  significantly	  different	  based	  on	  
Fisher’s	  protected	  least	  significant	  difference	  (LSD)	  with	  α=0.10;	  ns=not	  significant;	  …	  
=data	  not	  available.	  
y	   Disease	  incidence	  on	  plants	  is	  the	  number	  of	  plants	  that	  exhibited	  symptoms	  of	  
disease	  out	  of	  the	  eight	  plants	  within	  each	  treatment.	  	  
x	   One-­‐way	  analysis	  of	  variance	  (ANOVA)	  for	  the	  simple	  effect	  of	  inoculum	  on	  wounded	  
and	  non-­‐wounded	  plants	  (n=8);	  df	  =	  degrees	  of	  freedom;	  P	  >	  F	  is	  the	  probability	  of	  a	  
greater	  F	  value	  occurring.	  
w	  Three-­‐way	  ANOVA	  for	  the	  main	  effects	  of	  inoculum,	  wounding,	  and	  DAI	  and	  their	  
interactions.	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Figure	  C.1.	  	  Symptoms	  caused	  by	  Phytophthora	  nicotianae	  on	  Phlox	  divaricata	  in	  (A)	  a	  
nursery	  after	  natural	  infection	  and	  (B)	  a	  humid	  chamber	  after	  inoculation	  with	  a	  
suspension	  of	  zoospores.	  
	  
A	   B	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